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ABSTRACT 
The timing and intensity of rainfall events over the United States is changing in response 
to a warming atmosphere. The changing behavior of extreme precipitation events such as drought 
and floods may have costly economic and human safety consequences if not forecasted and 
planned for correctly. On the forecasting side, the diurnal mode of the hydrologic cycle needs to 
be well represented especially in areas where precipitation is strongly linked to diurnal processes, 
as is the case over the U.S. Corn Belt. The major theme of this dissertation project was to better 
understand changing precipitation patterns over this region as a dynamic response to the 
intensification of the diurnal mode of the hydrologic cycle. A very thorough understanding of the 
dynamic system can help us improve model representation of the diurnal cycle mode to improve 
climate forecasts. 
The structure of this dissertation began with first understanding how the diurnal mode of 
the hydrologic cycle was linked to the Great Plains low-level jet (GPLLJ) to maintain warm season 
rainfall over the central U.S. The majority of this rainfall is produced by nocturnal Mesoscale 
Convective Systems (MCSs) which may be initiated or enhanced by the GPLLJ. The diurnal 
variation of water vapor supply to maintain this central U.S. rainfall is an integrated part of the 
continental and global scale circulation. GPLLJ events were collected over June, July, and August 
(JJA) during the years 1979-2010. Diurnal components of precipitation and water vapor transport 
were isolated and compared between GPLLJ events and the climatological composite state. Three 
distinct synoptic environments in which GPLLJ events occurred were identified and assessed by 
their impact on water vapor transport to the central U.S. The climatological warm season phase of 
diurnal rainfall was shown to exhibit a clockwise rotation around the continental U.S. 
xv 
 
Next, the interannual and interdecadal variation of rainfall over the U.S. Corn Belt was 
investigated as a response to diurnal cycle mode intensification. Extreme precipitation events were 
also investigated. The phase and amplitude of diurnal hydrologic fields were evaluated and 
compared between months JJA over years 1979-2010. 20 flood events and 6 drought periods were 
examined to determine diurnal deviations that support extreme events. Over the U.S. Corn Belt, 
the component of diurnal water vapor transport in phase with diurnal precipitation is the 
streamfunction, whereas over the southeast U.S. it is the potential function. The amplitude of 
climatological JJA diurnal rainfall was similar, though the phase of August diurnal rainfall was 3 
hours later in the nighttime. The major difference between diurnal water vapor transport between 
the 1993 flood and 1988 drought was timing, not amplitude. Comparing all extreme events, 
amplitude rather than phase of diurnal rainfall tends to deviate during drought events while both 
amplitude and phase deviate from the climatological mean during flood events. 
Intense GPLLJ activity was shown to be increasing on a decadal scale consistent with an 
increasing decadal trend in rainfall over the Great Plains. Comparing the 1979-1988 and 2001-
2010 decades suggests that maximum diurnal precipitation over the U.S. Corn Belt is falling earlier 
in the warm season as a response to changing GPLLJ activity. The Empirical Orthogonal Function 
(EOF) analysis was used to illustrate the large percentage of total variance explained by the diurnal 
modes of precipitation and water vapor transport. Despite being closely linked dynamically, the 
variance of the top three EOF modes of precipitation showed a decreasing decadal trend that was 
not matched by the trend in water vapor transport. 
1 
 
CHAPTER 1 
GENERAL INTRODUCTION 
Forecasting weather and climate can be thought of as a balance between understanding 
dynamic and physical atmospheric processes, assessing model skill to replicate those processes, 
and using this knowledge to improve models. This balance of research tasks is made harder when 
the dynamic system is undergoing change, as is the case under globally increasing atmospheric 
temperatures. In order to plan for and mitigate climate change impacts, researchers need to be 
forward-thinking with how each research task is addressed. This dissertation focuses mainly on 
improving our understanding of the dynamics of a changing system in order to assess areas for 
improvement in climate models. 
One effect of a warming climate is the intensification of the diurnal cycle mode of the 
hydrologic cycle (Ziegler et al. 2003; Levang and Schmitt 2015). Although water cycle 
intensification may be occurring dominantly over the oceans, it has been noted that similar 
intensification is occurring over the continental United States (Bosilovich et al. 2005). The 
topography of the U.S. helps create a favorable location for a unique atmospheric feature known 
as the Great Plains low-level jet (GPLLJ). The GPLLJ can initiate or enhance the major rain-
producing system for the central U.S. in the warm season (known as the Mesoscale Convective 
System (MCS) (Maddox 1980)) by increasing low-level vertical wind shear and moisture 
convergence (Bonner et al. 1968; Stensrud 1996). The GPLLJ is the main supplier of water vapor 
to maintain warm season rainfall over the central U.S by moisture transport from the Gulf of 
Mexico (e.g. Rasmussen 1967; Bonner 1968; Chen and Kpaeyeh 1993; Weaver and Nigam 2008). 
GPLLJs are strongly tied to the diurnal pulse of radiative energy from the sun, which may help to 
explain why the U.S. continent is a special case for diurnal cycle mode intensification. 
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The development of the North Atlantic subtropical high, also known as the Bermuda high 
(Davis et al. 1997), in the Northern Hemisphere spring and summer months sets up a synoptic 
environment that may enhance the GPLLJ and transport more moisture north to the central U.S 
(Zhu and Liang 2013). Evidence shows that the GPLLJ is intensifying in the warm season, and 
this intensification has been linked to cases where the Bermuda high is intensified and extends 
further westward (Cook et al. 2008). In order to better understand how the intensification of the 
GPLLJ relates to the transport of moisture to the central U.S., GPLLJ events should be studied 
with an emphasis on the synoptic environment in which they are either strengthened or weakened. 
The climatological pattern of diurnal water vapor transport and precipitation over the continental 
U.S. should be depicted for comparison to these events. 
An investigation of GPLLJ activity leads naturally into a discussion of the interannual 
variation of water vapor transport and precipitation. Rainfall over the central U.S. undergoes a 
significant interannual variation that is being influence by globally warming temperatures. A 
warmer atmosphere is able to hold more water vapor (Trenberth 2011) and is therefore supportive 
of more frequent and heavier rainfall events. Over this region, precipitation events are becoming 
more frequent earlier in the warm season (Sharratt et al. 2001) which can be linked to an increase 
in Mesoscale Convective System (MCS) frequency and intensity (Feng et al. 2016). This in turn 
is linked to an intensification of the GPLLJ in the warm season (Cook et al. 2008). The changing 
variation of rainfall and intensification of the water cycle leaves us more susceptible to the impacts 
of flood and drought events (Dai et al. 2004; Smith et al. 2013). This makes flood and drought 
forecasting, preparation, and mitigation, critical areas of research. Improvements in model 
resolution and complexity do not necessarily lead to an improvement in predicting precipitation 
pattern changes (Wuebbles 2014). The ability to correctly simulate dynamic features that impact 
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drought and flood risk (e.g. the North American monsoon, North Atlantic subtropical high) is 
crucial. 
Dynamically assessing the diurnal water vapor transport variation between the warm 
season months of June, July, and August (JJA) and during extreme events such as flood and 
drought may be the key to improving model forecasts. The interannual variation of rainfall in the 
central U.S. should be explored through the impact of the continental scale circulation change on 
the nocturnal thunderstorm activity and its rain-producing efficiency related to the activity 
variation of GPLLJ. This task can be accomplished through the investigation of the variation of 
the diurnal cycle mode of the global and regional diurnal hydrological cycle, associated with flood 
and drought events. 
In addition to interannual prediction, decadal-scale climate forecasts are becoming 
increasingly important (e.g. Towler et al. 2018). Recent analysis of global decadal rainfall shows 
an increasing trend (Alexander et al. 2006; Mo 2010; Min et al. 2011; Westra et al. 2013), notably 
significant over the North American midlatitudes (Groisman et al. 2005), that is matched by an 
increasing trend in GPLLJ activity (Cook et al. 2008). Two regimes of diurnal rainfall patterns 
have been shown to exist on an interdecadal scale: 1) large rainfall accumulation in the late 
night/early morning (with a peak at midnight) that is associated with strong GPLLJs, and 2) light 
and steady rain in the late night/early morning associated with weak GPLLJs (Hu 2003). The same 
contrast in rainfall compared to the water vapor flux and convergence of water vapor flux over the 
central U.S. is evident between the two rainfall regimes. The diurnal variation of rainfall, water 
vapor flux, and area-averaged convergence of water vapor flux over the central U.S. provides a 
clear local response to the rainfall regime change, but does not offer a clear picture of how the 
4 
 
interdecadal variation of the continental scale circulation changes the characteristics of the diurnal 
cycle mode of the continental scale hydrological cycle. 
Determining the natural interdecadal variability of precipitation is a crucial first step for 
climate prediction improvement (Liu 2012). Internal climate variability, or unforced natural 
variability, may be more important on the continental spatial scale and decadal temporal scale 
while anthropogenic forcing may be more important on a global spatial scale and longer than 
decadal temporal scale (e.g. IPCC 2013). It may be most useful to investigate decadal-scale trends 
associated with the intensification of the diurnal cycle mode of the hydrological cycle under the 
lens of the Empirical Orthogonal Function (EOF) analysis as a dynamical mode reduction 
technique. 
1.1 Research Objectives 
The underlying goal of this dissertation is to understand how the intensification of the 
diurnal mode of the hydrologic cycle affects warm season precipitation trends over the U.S. Corn 
Belt. The Earth’s atmosphere is a dynamic system susceptible to global climate change, and 
climate forecasters are on the front line to help reduce the potentially catastrophic effects of this 
change. Diurnal mode representation is, in general, hard to capture in models (e.g. Dai and 
Trenberth 2004; Dirmeyer et al. 2011), and even improved model resolution and complexity does 
not guarantee success in predicting precipitation pattern changes. The work in this dissertation is 
offered to provide a thorough basis for evaluating deficiencies in diurnal cycle mode representation 
in climate models. 
It is hypothesized that the pattern of diurnal water vapor transport and precipitation over 
the central U.S. in the warm season is mainly tied to GPLLJ activity, and an improved depiction 
of this dynamic relationship could help elucidate the effects of diurnal cycle mode intensification 
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on interannual and interdecadal precipitation variation. The following objectives are given to 
substantiate this hypothesis: 
1) Identify GPLLJ cases and determine synoptic environments that strengthen diurnal 
water vapor transport and precipitation. Construct the warm season climatological 
water vapor transport for comparison. 
2) Investigate the warm season monthly variations and effect of extreme precipitation 
events (flood and drought) on diurnal water vapor transport and precipitation.  
3) Evaluate the interdecadal changes of warm season diurnal water vapor transport and 
precipitation. Employ EOF analysis to diagnose the contribution of the diurnal cycle 
mode to total variance. 
This dissertation will be structured by first investigating the role of the diurnal cycle mode 
on warm season precipitation through its relationship to the GPPLJ in Chapter 2. Results from 
Chapter 2 will lead to an investigation of the effect of diurnal cycle mode intensification on 
interannual variation and extreme rainfall events over the U.S. Corn Belt in Chapter 3. Chapter 4 
will cover an evaluation of the interdecadal increase in warm season rainfall over the U.S. Corn 
Belt as it relates to diurnal cycle mode intensification. Conclusions for this entire body of work 
will be provided in Chapter 5. 
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CHAPTER 2 
THE ROLE OF THE DIURNAL CYCLE MODE ON WARM SEASON 
PRECIPITATION THROUGH ITS RELATIONSHIP TO THE GREAT PLAINS LOW-
LEVEL JET 
 
A paper to be submitted to Journal of Climate 
Amanda S. Black1,2, Tsing-Chang Chen1, and Gene S. Takle3 
Abstract 
The majority of warm season rainfall over the central U.S. is produced by nocturnal 
thunderstorms associated with Mesoscale Convective Systems (MCSs). The regional Great Plains 
low-level jet (GPLLJ) may help to initiate or enhance the MCS and exhibits a strong diurnal 
variation. The diurnal variation of water vapor supply to maintain this central U.S. rainfall is an 
integrated part of the continental and global scale circulation. Therefore, GPLLJ events should be 
studied with an emphasis on the synoptic environment in which they are either strengthened or 
weakened. GPLLJ events were collected during the warm season months of June, July, and August 
during the years 1979-2010. The behavior of water vapor transport for these events was analyzed 
through the streamfunction and potential function. Diurnal components of precipitation and water 
vapor transport were isolated and compared between GPLLJ events and the climatological 
composite state. Three distinct synoptic environments in which GPLLJ events occur were 
identified and assessed by their impact on water vapor transport to the central U.S. The 
climatological warm season phase of diurnal rainfall was shown to exhibit a clockwise rotation 
                                                 
1 Department of Geological and Atmospheric Sciences, Iowa State University. 
2 Primary researcher and corresponding author. 
3 Department of Agronomy, Iowa State University. 
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around the continental U.S. Deviations to this pattern are discussed for each of the three GPLLJ 
synoptic environments. 
2.1 Introduction 
The majority of warm season rainfall over the central U.S. is produced by nocturnal 
thunderstorms associated with Mesoscale Convective Systems (MCS) (Maddox 1980). A regional 
phenomenon known as the Great Plains low-level jet (GPLLJ) may help to initiate or enhance the 
MCS by increasing low-level vertical wind shear and moisture convergence (Bonner et al. 1968; 
Stensrud 1996). Shortly after the discovery of the GPLLJ in the early 1950s, Means (1954) 
demonstrated that moisture is transported from the Gulf of Mexico to maintain the rainfall 
produced by convection in the Northern Plains. Further studies proved the GPLLJ is the main 
supplier of water vapor to maintain warm season rainfall over the central U.S by this moisture 
transport (e.g. Rasmussen 1967; Bonner 1968; Chen and Kpaeyeh 1993; Weaver and Nigam 
2008). Analyzing the water vapor budget over North America, Rasmussen (1967) found that the 
moisture transport across the Gulf coast is strongest in summer with a pronounced diurnal 
flux variation due to the diurnal characteristics of GPLLJs. It was estimated by Uccellini and 
Johnson (1979) that this moisture transport may be increased by a factor of three by the 
development of a GPLLJ. GPLLJs are a common nocturnal event linked to the diurnal decoupling 
of the surface and boundary layer that leads to a reversal of the low-level thermal wind vector 
across the terrain sloping downward from the Rockies to the Great Plains.  
Although a regional phenomenon, the diurnal variation of water vapor supply to produce 
the central U.S. rainfall through GPLLJ activity is an integrated part of the continental and global 
scale circulation. For example, Chen and Kpaeyeh (1993) found the coupling between upper level 
jets and GPLLJs in the Great Plains could be demonstrated through the rotational and divergent 
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circulation of the atmosphere over the North American continent. The development of the North 
Atlantic subtropical high, also known as the Bermuda high (Davis et al. 1997), in the Northern 
Hemisphere spring and summer months sets up a synoptic environment that may enhance the 
GPLLJ and transport more moisture north to the central U.S (Zhu and Liang 2013). Evidence 
shows that the GPLLJ is intensifying in the warm season, and this intensification has been linked 
to cases where the Bermuda high is intensified and extends further westward (Cook et al. 2008). 
Over that last 2 decades, numerous efforts have been devoted to the analysis of 
observations and climate simulations of the diurnal variation of rainfall over the contiguous United 
States (e.g. Dai and Wang 1999; Dai and Trenberth 2004; Tian et al. 2004; Clark et al. 2007; Lee 
et al. 2007; Carbone and Tuttle 2008; Matsui et al. 2010; Pritchard et al. 2011 and others). The 
diurnal variation of rainfall over the U.S. has been characterized by the following distribution 
observed by Tian et al. (2005): Rainfall peaks in the afternoon along the Gulf coast, Florida, and 
the Yucatan Peninsula, late afternoon/early evening over Sierra Madre Occidental and the western 
U.S., and near midnight east of the continental Divide (~106°W). This westward propagation of 
the diurnal convective rainfall activity is reflected by the Hovmoller diagram of infrared radiation 
across the North American monsoon region in the evening shown by Tian et al. (2005). As a result 
of the coupling of GPLLJs with upper air short wave troughs, it was also observed (e.g. Tian et al. 
2005; Clark et al. 2007; Carbone and Tuttle 2008; Matsui et al. 2010; Pritchard et al. 2011) that 
daily convective rainfall variation exhibits a well-organized eastward propagation in the Northern 
Plains. 
One may be able to infer from previous studies that the diurnal precipitation maxima 
undergoes a clockwise rotation around the continental U.S. This study will attempt to illustrate 
this pattern more clearly, with an emphasis on how different synoptic environments may affect the 
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moisture transported by GPLLJs. Data, GPLLJ identification, and analysis techniques are 
discussed in the Methods section of this paper, followed by a Results and Discussion section to 
synthesize the relevance of this study. 
2.2 Methods 
2.2.1 Data 
 It was necessary for this study to provide both global data coverage for our water vapor 
flux transport derivations and higher temporal resolution regional data to accurately extract the 
diurnal component of our fields. The following global and regional datasets were used in this study. 
2.2.1.1 Climate Forecast System Reanalysis 
Gridded meteorological data provided by the Climate Forecast System Reanalysis (CFSR) 
(Saha et al. 2010) were used to provide the global coverage needed for our moisture flux 
computations. The CFSR is a high resolution analysis, using a coupled earth system model 
including atmosphere-ocean coupling for each 6-hr “first guess” field, an interactive sea-ice model, 
and assimilation of satellite radiances. The global atmospheric resolution is ~38 km (T382) with 
64 vertical levels. Observed variations in carbon dioxide, aerosols, other trace gases, and solar 
variations are contained within the atmospheric model of the CFSR. Based on this construction, 
CFSR analyzed data are able to capture changes in Earth’s climate. 
2.2.1.2 North American Regional Reanalysis 
High resolution, regional data provided by the North American Regional Reanalysis 
(NARR) (Mesinger et al. 2006) were supplied to fill in the analysis domain at a 3-hourly temporal 
resolution. The NARR model is initialized by surface observations, radiosondes, satellite data, and 
other sources. It has a horizontal resolution of ~32 km (domain displayed in Fig. 2.1) with 29 
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vertical levels. In addition to providing the necessary field variables for our moisture flux 
computations, NARR also provides a precipitation dataset that is assimilated from both surface 
and satellite observations. It is noted that the difference between NARR’s precipitation 
climatology compared to other sources (e.g. CPC, NCEP-DOE) is greatest in regions of high 
observational uncertainty, so it is still a useful dataset over the U.S. continent (Bukovsky and 
Karoly 2007). A description of the CFSR and NARR wind, specific humidity, and precipitation 
data used for this study is presented in Table 2.1. 
 
Figure 2.1. Regional domain covered by NARR. 
 
Table 2.1. Data sources for field variables used in this study. 
Variables Type Temporal resolution Spatial resolution Period Source/reference 
V, q CFSR 6-hourly 0.5° × 0.5°, global             
21 vertical levels 
1979 – 2010 Saha et al. (2010) 
 NARR 3-hourly 0.33° × 0.33°, regional          
29 vertical levels 
1979 – 2010 Mesinger et al. (2006) 
P NARR 3-hourly 0.33° × 0.33°, regional          
29 vertical levels 
1979 – 2010 Mesinger et al. (2006) 
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2.2.1.3 Nesting Technique 
To nest the two reanalyses, NARR field data were first re-gridded to match the CFSR grid 
spacing using the 16-point Bessel interpolation scheme (Jenne 1975). Bessel interpolation was 
selected for this study based on its handling of higher-order polynomial terms and its ability to 
produce a close fit to the original data around regions of rapid change (e.g. large moisture 
gradients). This re-gridded data was then nested within the CFSR domain. The boundary between 
the two reanalyses was then smoothed to reduce sharp data discrepancies. Fig. 2.2 illustrates the 
linear smoothing technique that was applied along the nesting boundary. 
 
Figure 2.2. Schematic representation of linear boundary smoothing. 
As shown above, j=1 represents the fixed boundary value, s represents the last relaxed 
point, and values higher than s represent the “free” range. Values j=1 through s were weighted at 
each point along the boundary by a factor ?̃?𝑗 = [
𝑠+1−𝑗
𝑠−1
]. The value s=5 was appropriate for the data 
being nested here. Fig. 2.3 demonstrates the effect of the boundary smoothing on a nested dataset. 
 
Figure 2.3. Effect of linear boundary smoothing by comparing an example of a) CFSR subtracted 
from the merged wind field and b) CFSR subtracted from the merged and smoothed wind field. 
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2.2.2 GPLLJ identification 
A widely used set of criteria for defining low-level jets developed by Bonner (1968) was 
adopted for this study. The highest level at which a wind maximum was considered a low-level 
jet was 850 hPa. The following wind speed criteria determined the strength of the low-level jet: 
1) Weak: V ≥ 12 ms-1, with a decrease of at least 6 ms-1 to the next level 
2) Moderate: V ≥ 16 ms-1, with a decrease of at least 8 ms-1 to the next level 
3) Intense: V ≥ 20 ms-1, with a decrease of at least 10 ms-1 to the next level 
GPLLJ events were selected in the warm season months of June, July, and August during 
the years 1979-2010. North American Regional Reanalysis (NARR) (Mesinger et al 2006) wind 
data was analyzed to determine GPLLJ strength based on the above criteria. Fig. 2.4 demonstrates 
how Bonner criteria was met for an intense GPLLJ event in June 2010. Fig. 2.5 presents all GPLLJ 
cases selected during this period. 
 
Figure 2.4. Wind speed (shaded) at 925 (top) and 850 hPa (bottom) for 03, 06, 09, and 12 UTC 
on 8 June 2010. Contour lines mark the 6ms-1 (outer black), 8ms-1 (green), and 10ms-1 (inner 
black) difference in wind speed between that level and the next highest pressure level. 
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Figure 2.5. All GPLLJ events collected for the years 1979-2010 and months June-August. 
 
2.2.3 Water vapor flux transport derivation 
Analysis of water vapor flux variability through application of streamfunction and potential 
fields has been used as early as Rosen et al. (1979) and Chen (1985), although recent studies have 
also employed this technique and have demonstrated its continuing usefulness to the atmospheric 
and climate research community (e.g. Zhang et al. 2013; Ryu et al. 2015). 
An advantage of this method is that vertically integrated moisture fluxes should reflect the 
low-level wind fairly well, as the majority of atmospheric moisture resides in the lower levels of 
the atmosphere. Both the streamfunction and potential function describe the movement of water 
vapor through its rotational and divergent components, which are mathematically in quadrature. 
16 
 
The convergence of water vapor flux into an area is useful in predicting where precipitation 
development will be supported in the future. 
Following the method described in Chen (1985), water vapor transport can be diagnosed 
on a global scale by vertically integrating water vapor flux in a column, 
𝑄𝜆 = 𝑔
−1 ∫ 𝑞𝑢 𝑑𝑝
300𝑚𝑏
𝑠𝑓𝑐
,                                                             (2.1) 
𝑄𝜙 = 𝑔
−1 ∫ 𝑞𝑣 𝑑𝑝
300𝑚𝑏
𝑠𝑓𝑐
,                                                             (2.2) 
where 𝑄𝜆 is the zonal water vapor transport, 𝑄𝜙 the meridional water vapor transport, 𝑔 the 
acceleration due to gravity, 𝑞 the specific humidity, 𝑢 the zonal component of wind, and 𝑣 the 
meridional component of wind. For this study, values of u,v, and 𝑞 were supplied by our datasets. 
The total water vapor transport, ?⃗? , can be divided into its rotational and divergent 
components (?⃗? 𝑅 and ?⃗? 𝐷, respectively) as follows, 
?⃗? = ?⃗? 𝑅 + ?⃗? 𝐷 = ?̂? × 𝛻𝜓𝑄 + 𝛻𝜒𝑄                                                 (2.3) 
where 𝜓𝑄 is the streamfunction of water vapor transport, and 𝜒𝑄 the potential function of water 
vapor transport. Therefore, the divergent component of vertically integrated water vapor transport 
is equivalent to the gradient of water vapor transport potential function. This leads to the following 
relationship,  
𝛻2𝜒𝑄 = 𝛻 ∙ ?⃗?                                                                        (2.4) 
so that we may solve the Poisson equation for 𝜒𝑄 using our derived values of 𝑄𝜆 and 𝑄𝜙. We may 
then numerically differentiate the potential function of water vapor transport,  
?⃗? 𝐷 =
𝜕𝜒𝑄
𝜕𝑥
𝑖̂ +
𝜕𝜒𝑄
𝜕𝑦
𝑗̂                                                                (2.5) 
to arrive at values of ?⃗? 𝐷. 
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2.2.4 Diurnal component isolation technique 
Some meteorological fields exhibit regular oscillations that occur with a period of one solar 
day (diurnal), or half a solar day (semidiurnal). For example, the solar diurnal and semidiurnal tide 
of atmospheric pressure has been observed as far back as the invention of the barometer and first 
published in Monthly Weather Review in the early twentieth century. Other fields such as 
temperature, humidity, and precipitation have all been observed to have diurnal modes 
corresponding to the westward propagation of radiative solar heating. For these fields, isolating 
the diurnal component is an important step toward understanding a dynamic system as well as 
assessing future changes due to climate change. 
Harmonic or spherical analysis may be used to extract the diurnal signal for an appropriate 
dataset. Dai and Wang (1999) illustrated how a wave-1 diurnal oscillation could be expressed by 
associated Legendre and Hough functions. This method excels when one can compute the 
amplitude and phase for specific geographical regions. Chen et al. (1998) tested a filtering scheme 
proposed by Whiteman and Bian (1996) and found that the aliasing error caused by ignoring 
higher-order harmonics (waves higher than the semidiurnal mode) was not significant. The 
semidiurnal mode was excluded from this study on the basis that this signal is strongest in low-
latitude open oceans (Dai and Wang 1999). 
The diurnal isolation technique used in this study is a modification to the above harmonic 
filtering schemes and consists of the following steps for a given variable X, 
X(t) = Xo + S1(t) + Residual,                                                          (2.6) 
where Xo represents the daily mean of X, S1(t) represents the diurnal oscillation of X at time t, 
and Residual represents higher order waves including semidiurnal (S2(t)): 
1) Construct Δ(X), the departure from the daily mean of X, every 3 hours 
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2) Compute monthly Δ(X) at each 3-hour increment for each year  
3) Extract 3-hourly S1 from the mean monthly Δ(X) by wave-1 Fourier analysis. 
Wave-1 Fourier analysis was performed using the Cooley-Tukey fast Fourier transform. 
2.3 Results 
2.3.1 Synoptic environments of GPLLJ events 
Three GPLLJ events that occurred in June 2010 are presented in detail to represent different 
synoptic environments in which GPLLJs are embedded. All three events were classified as an 
intense GPLLJ. Detailed synoptic charts for these three events are shown in Figs. 2.6 – 2.8. To 
better illustrate the synoptic environment with respect to the Bermuda High, Fig. 2.9 is provided 
to succinctly illustrate the synoptic pressure fields of the three selected cases. 
 
Figure 2.6. Wind (streamlines and shaded) and precipitation (shaded) for 925 hPa (top), 850 hPa 
(middle), and 700 hPa (bottom) for 00, 06, 12, and 18 UTC on 1 June 2010. 
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Figure 2.7. Wind (streamlines and shaded) and precipitation (shaded) for 925 hPa (top), 850 hPa 
(middle), and 700 hPa (bottom) for 00, 06, 12, and 18 UTC on 8 June 2010. 
 
Figure 2.8. Wind (streamlines and shaded) and precipitation (shaded) for 925 hPa (top), 850 hPa 
(middle), and 700 hPa (bottom) for 00, 06, 12, and 18 UTC on 12 June 2010. 
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Figure 2.9. Synoptic charts with mean sea level pressure (hPa) and 925 hPa streamlines (ms-1) 
for a) 01 June 2010, b) 08 June 2010, and c) 12 June 2010. 
 
As expected from previous literature, the increase in intense GPLLJ activity over the warm 
season was correlated to the intensification and westward extension of the Bermuda high. In order 
to quantify the impact of the Bermuda high on GPLLJ intensity and behavior, GPLLJ events were 
separated into three categories based on the distinct synoptic environment over the eastern U.S. / 
Atlantic Ocean. The classic Bermuda high set up (BH type) features a high center over the North 
Atlantic with low pressure to the north of the Great Lakes area. The low-level atmospheric 
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circulation flows northwestward across the Gulf as an extension of the Bermuda high. In the case 
where a trough is situated over the East coast (TH type), the Bermuda high is displaced eastward; 
however, a residual high remains over the Gulf which allows for northwesterly flow up into the 
Southern Plains. The third category occurs when there is a disruption of the Bermuda high but a 
separate high-pressure center develops over the Gulf (GH type). Here again, the atmospheric flow 
around the Gulf pushes moisture northward over the Plains. Fig. 2.10 graphically illustrates the 
three most common and influential synoptic environments in which GPLLJs are embedded. The 
BH type synoptic conditions were present for 40% of GPLLJ cases in this study. TH type 
conditions were present 36% of the time, while GH type conditions occurred for 16% of cases. 
The remaining 8% of GPLLJ events did not fall under these three synoptic conditions. 
 
Figure 2.10. Synoptic atmospheric surface pressure profiles for a) BH (Bermuda high) type, b) 
TH (trough-high) type, and c) GH (Gulf high) type. 
 
Regardless of synoptic environment, when GPLLJ activity was persistent over a period of 
consecutive nights, the eastward propagation of rain over the Corn Belt and westward propagation 
of rain over the southeast U.S. was pronounced. Clearly, GPLLJ activity is strongly linked to the 
diurnal movement of precipitation across the U.S. continent. Fig. 2.11 illustrates the opposing 
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rainfall propagation patterns between the northern and southern U.S. east of the Rockies. During 
this period, the synoptic conditions oscillated between BH and TH types. 
           
Figure 2.11. Hövmoller diagrams of rainfall over 17 June – 23 June 2010 for the northern U.S. 
(left) and southern U.S. (right) east of the Rockies. 
 
2.3.2 GPLLJ water vapor transport 
The three synoptic environments described in Fig. 2.10 influenced the movement of water 
vapor to the central U.S. in relation to the GPLLJ in different ways. The diurnal mode of the 
hydrologic cycle is represented by the diurnal modes of precipitation and rotational and divergent 
water vapor transport for a representative BH, TH, and GH case in Figs. 2.12 – 2.14. Divergent 
water vapor transport is illustrated by both contours of potential function and divergent vectors 
(values under 1 kgs-1m-1 have been masked).  
The BH conditions on 01 June 2010 (Fig. 2.12) were linked to weak water vapor 
convergence and moderate rotational water vapor transport to the Northern Plains. This coincided 
with a GPLLJ that reached peak intensity in the early morning as opposed to nighttime. Although 
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synoptic conditions supported the development of an intense low-level jet, diurnal precipitation 
was low. The lag in GPLLJ timing was common for most BH type events, although precipitation 
was not necessarily low. Precipitation development was supported primarily by the streamfunction 
of water vapor transport rather than by the potential function of water vapor transport. 
Both TH and GH type conditions for the GPLLJ event on 08 June 2010 and 12 June 2010 
(Figs. 2.13 and 2.14, respectively) supported strong water vapor convergence and rotational water 
vapor transport to develop precipitation over the U.S. Corn Belt.  
 
Figure 2.12. Diurnal components of potential function of water vapor transport [×106 kgs-1] (top, 
contours), divergent water vapor transport [kgs-1m-1] (top, vectors), streamfunction of water 
vapor transport [×106 kgs-1] (bottom, contours), and precipitation [mm3hr-1] (top and bottom), 
for BH type case on 01 June 2010 at 12, 15, and 18 UTC (left, middle, right, respectively). 
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Figure 2.13. Diurnal components of potential function of water vapor transport [×106 kgs-1] (top, 
contours), divergent water vapor transport [kgs-1m-1] (top, vectors), streamfunction of water 
vapor transport [×106 kgs-1] (bottom, contours), and precipitation [mm3hr-1] (top and bottom), 
for TH type case on 08 June 2010 at 06, 09, and 12 UTC (left, middle, right, respectively). 
 
 
Figure 2.14. Diurnal components of potential function of water vapor transport [×106 kgs-1] (top, 
contours), divergent water vapor transport [kgs-1m-1] (top, vectors), streamfunction of water 
vapor transport [×106 kgs-1] (bottom, contours), and precipitation [mm3hr-1] (top and bottom), 
for GH type case on 12 June 2010 at 06, 09, and 12 UTC (left, middle, right, respectively). 
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This strong water vapor transport common to most TH and GH cases coincided well with 
the timing of maximum low-level jet activity. The location of the streamfunction dipole to support 
water vapor transport from the Gulf of Mexico was displaced further north for GH cases. 
2.3.3 Climatological water vapor transport 
A comparison can be drawn between the GPLLJ cases identified previously and the 
composite climatological structure. The phase and amplitude of diurnal precipitation over months 
June-August and years 1979-2010 were composited as shown in Fig. 2.15. Diurnal precipitation 
amplitude values less than 0.03 mm 3hr-1 have been masked. The JJA phase of diurnal precipitation 
exhibits a clear clockwise rotation around the U.S. continent east of the Rockies. The timing of 
maximum diurnal precipitation over the Corn Belt averages to around 08 UTC (3 AM CDST) and 
averages to around 15 UTC (10 AM CDST) over the SE U.S. Two separate zones of high 
amplitude ?̃? generally coincide with the Corn Belt and SE U.S. regions. 
 
Figure 2.15. Composite JJA phase and amplitude of diurnal precipitation over the years 1979-
2010. Vector direction follows the time clock in the upper left corner (in UTC). 
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The rotation of diurnal precipitation followed the rotation of negative and positive 
streamfunction / potential function centers of water vapor transport. The composite 3-hourly 
diurnal modes for JJA over years 1979-2010 are presented in Fig. 2.16, again illustrating this 
climatological diurnal rotation. 
 
Figure 2.16. Diurnal components of potential function of water vapor transport [×106 kgs-1] (top, 
contours), divergent water vapor transport [kgs-1m-1] (top, vectors), streamfunction of water 
vapor transport [×106 kgs-1] (bottom, contours), and precipitation [mm3hr-1] (top and bottom), 
for 3-hourly composites (starting at 00 UTC in upper left corner). 
 
2.4 Discussion 
BH type synoptic conditions, while most common and intuitively the most favorable for 
precipitation linked to GPLLJ activity, did not develop more diurnal precipitation than the TH and 
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GH synoptic types. This may be the result of timing rather than intensity of low-level jet 
development. Convergence of water vapor was overall lower for BH type events, implying that 
rotational flow of water vapor is crucial for precipitation development under this synoptic regime. 
While TH conditions disrupted the westward extension of the Bermuda high, the overall 
atmospheric environment favored precipitation development linked to GPLLJ activity. A lack of 
Bermuda high development, as represented by the GH synoptic conditions, may not necessarily 
hinder precipitation development. The northern displacement of the streamfunction dipole to 
support water vapor transport from the Gulf of Mexico is counteracted by strong water vapor 
convergence. 
Each synoptic type exhibited deviations when compared to the climatological composite 
of JJA during 1979-2010. BH type maximum diurnal precipitation occurred on average three hours 
later than the climatological composite, but with a similar magnitude. This was matched to a delay 
and weakening of water vapor transport convergence. Rotational transport of water vapor, 
however, remained close to climatology. These results are interesting, and at first glance may seem 
counterintuitive to a Bermuda high set-up. It is conjectured that while a westward extension of the 
Bermuda high does support the intensification of the low-level jet, the synoptic conditions during 
the day support heat and water vapor transport from the Gulf earlier which may inhibit rainfall 
development (i.e. cloudiness). Conversely, the timing of maximum diurnal precipitation and 
divergent water vapor transport was closely matched between both TH and GH types to 
climatology. The northward displacement of the rotational flux of water vapor for GH types did 
not hinder the magnitude of diurnal precipitation, which was slightly higher than climatology on 
average for both TH and GH types. The results here indicate two additional favorable synoptic 
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environments for increased diurnal precipitation over the U.S. Corn Belt, other than the westward 
extension of the Bermuda high. 
2.5 Conclusions 
GPLLJ events in the months of June, July, and August during 1979-2010 were studied with 
an emphasis on the synoptic environment in which they were embedded. The three most common 
and influential environments featured a westward extension of the Bermuda high (BH type), a 
surface pressure trough that displaced the Bermuda high eastward (TH type), and a disruption of 
the typical Bermuda high pattern that still allowed for the development of an anticyclone over the 
Gulf of Mexico (GH type). The behavior of water vapor as it related to the GPLLJ was analyzed 
by the streamfunction and potential function of water vapor transport. The synoptic conditions 
influenced precipitation development in the following manner: 
1) BH type: The westward extension of the Bermuda high strengthened the rotational flow 
of water vapor to the central U.S.; however, the convergence of water vapor was 
reduced leading to diurnal precipitation lower than one might expect given implications 
from previous studies. Timing of GPLLJ activity may be influenced under these 
conditions to occur later at night than for other synoptic conditions. 
2) TH type: Despite the eastward disruption of the Bermuda high by a trough located over 
the eastern U.S. coast, both rotational and divergent water vapor transport was 
strengthened on average.  
3) GH type: The lack of Bermuda high development reduced the strength of the rotational 
flow of water vapor to the central U.S. by displacing the streamfunction dipole 
northward; however, strong water vapor convergence counteracted this rotational 
reduction leading to above average diurnal precipitation. 
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Diurnal components of precipitation and water vapor transport were isolated and compared 
between GPLLJ events and the climatological composite state. The climatological warm season 
phase of diurnal rainfall was shown to exhibit a clockwise rotation around the continental U.S. BH 
type GPLLJ events deviated mostly in timing of this rotation, with diurnal rainfall over the Corn 
Belt falling around three hours later than average. TH and GH type GPLLJ events matched the 
climatological clockwise rotation, while magnitude of diurnal rainfall over the Corn Belt was 
enhanced. 
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CHAPTER 3 
INVESTIGATING THE EFFECT OF DIURNAL CYCLE MODE INTENSIFICATION 
ON INTERANNUAL VARIATION AND EXTREME RAINFALL EVENTS OVER THE 
U.S. CORN BELT 
 
A paper to be submitted to Journal of Climate 
Amanda S. Black4,5, Tsing-Chang Chen4, and Gene S. Takle6 
Abstract 
One effect of a warming climate is the intensification of the diurnal cycle mode of the 
hydrological cycle. Following the Clausius-Clapeyron relation, a warmer atmosphere is able to 
hold more water vapor and is therefore supportive of more frequent and heavier rainfall events. 
Extreme precipitation events over the central U.S., including flood and drought events such as the 
1993 flood and 1988 drought in Iowa, have significant socio-economic impacts that propagate to 
affect the entire U.S. Studies have shown a global increasing trend in daily precipitation. Over 
the U.S. Corn Belt, precipitation patterns are undergoing change that trend toward more 
precipitation earlier in the warm season. The timing and amplitude of rainfall events are crucial 
components we need to understand and represent well in climate models. The phase and 
amplitude of diurnal hydrologic fields were evaluated and compared between months June, July 
and August over years 1979-2010. 20 flood events and 6 drought periods were examined to 
determine diurnal deviations that support extreme events. Close precedence/coincidence of 
moisture transport to rainfall can indicate that this transport is supporting precipitation 
                                                 
4 Department of Geological and Atmospheric Sciences, Iowa State University. 
5 Primary researcher and corresponding author. 
6 Department of Agronomy, Iowa State University. 
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development. Over the U.S. Corn Belt, the component of diurnal water vapor transport in phase 
with diurnal precipitation is the streamfunction, whereas over the southeast U.S. it is the potential 
function. The amplitude of climatological JJA diurnal rainfall was similar, though the phase of 
August diurnal rainfall was 3 hours later in the nighttime. The major difference between diurnal 
water vapor transport between the 1993 flood and 1988 drought was timing, not amplitude. 
Comparing 20 flood and 6 drought events, amplitude rather than phase of diurnal rainfall tends 
to deviate during drought events while both amplitude and phase deviate from the climatological 
mean during flood events. 
3.1 Introduction 
Rainfall over the central U.S. undergoes a significant interannual variation. Knowledge of 
this variation is key to managing water resources and is made harder when external forcing such 
as global warming causes change. Following the Clausius-Clapeyron relation, a warmer 
atmosphere is able to hold more water vapor and therefore becomes a more supportive 
environment for precipitation (Trenberth 2011). This warming has been linked to an 
intensification of the diurnal cycle mode of the hydrologic cycle (Ziegler et al. 2003; Levang and 
Schmitt 2015). Although water cycle intensification may be occurring dominantly over the 
oceans, it has been noted that similar intensification is occurring over the continental United 
States (Bosilovich et al. 2005). The changing variation of rainfall and intensification of the water 
cycle leaves us more susceptible to the impacts of flood and drought events (Dai et al. 2004; 
Smith et al. 2013). 
The U.S. Corn Belt is dependent on warm season temperature and rainfall for its corn 
production and is sensitive to teleconnection patterns such as the El Nino-Southern Oscillation 
(ENSO) and Atlantic Oscillation (AO) (Kellner and Niyogi 2015). Over this region, precipitation 
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events are becoming more frequent earlier in the warm season (Sharratt et al. 2001) which can be 
linked to an increase in Mesoscale Convective System (MCS) frequency and intensity (Feng et 
al. 2016). Nocturnal MCSs become organized when an area of upward vertical motion develops 
over the Plains primarily as a result of low-level warm air advection (Maddox 1983). This warm 
advection is a result of the Great Plains low-level jet (GPLLJ), a unique feature owing to the 
topography of the sloping terrain from the Rocky Mountains down to the Great Plains (Bonner et 
al. 1968). The GPLLJ provides both wind shear and moisture transport from the Gulf of Mexico 
to support the MCS (Stensrud 1996). Evidence has shown that the GPLLJ is intensifying in the 
warm season, and this intensification has been linked to cases where the Bermuda high is 
intensified and extends further westward (Cook et al. 2008). Weaver et al. (2009) showed that the 
interannual variation of the GPLLJ activity may be attributed to remote forcing through a 
teleconnection short-wave train. The rainfall produced by nocturnal thunderstorms and the water 
vapor supply to maintain these storms should be reflected by the amplitude of the diurnal cycle 
mode of the continental scale hydrological cycle through the intensity of GPLLJs, as 
demonstrated in Chapter 2. 
Increasing likelihood of flood and drought events impacts both human safety and the 
economy (e.g. Ross and Lott 2003; Cai et al. 2007). This makes flood and drought forecasting, 
preparation, and mitigation, critical areas of research. Improvements in model resolution and 
complexity do not necessarily lead to an improvement in predicting precipitation pattern changes 
(Wuebbles 2014). The ability to correctly simulate dynamic features that impact drought and 
flood risk (e.g. the North American monsoon, North Atlantic subtropical high) is crucial. In order 
to improve the simulation of these features, we need to better understand the dynamics involved. 
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 Results from Chapter 2 illustrated the clockwise rotation of diurnal precipitation and 
water vapor transport around the continental U.S. How does this water vapor transport vary 
between the warm season months of June, July, and August (JJA) and during extreme events such 
as flood and drought? The interannual variation of rainfall in the central U.S. should be explored 
through the impact of the continental scale circulation change on the nocturnal thunderstorm 
activity and its rain-producing efficiency related to the activity variation of GPLLJ. This task can 
be accomplished through the investigation of the variation of the diurnal cycle mode of the global 
and regional diurnal hydrological cycle, associated with flood and drought events. 
The methods section of this paper will explain the process for selecting flood and drought 
events over the U.S. Corn Belt. Results for the monthly phase and amplitude of diurnal mode 
values as well as composite 3-hourly diurnal fields will be discussed in terms of variation between 
JJA and between extreme events vs. climatology. Chapter 2 and previous studies have illustrated 
the strong link between the southeast U.S. and Corn Belt regions in terms of precipitation. For 
this study, the term “U.S. Corn Belt” refers to the region which dominates corn production in the 
U.S. as roughly estimated by the area (85°W-100°W, 38°N-47°N). In comparison, the “southeast 
U.S.” is represented by the boxed region (80°W-95°W, 28°N-34°N). These two regions are shown 
in Fig. 3.1. 
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Figure 3.1. Corn Belt and southeast U.S. defined regions for this study. 
3.2 Methods 
3.2.1 Data 
It was necessary to provide both global data coverage for our water vapor flux transport 
derivations and higher temporal resolution regional data to accurately extract the diurnal 
component of our fields. The following global and regional datasets were used in this study. 
3.2.1.1 Climate Forecast System Reanalysis 
Gridded meteorological data provided by the Climate Forecast System Reanalysis (CFSR) 
(Saha et al. 2010) were used to provide the global coverage needed for our moisture flux 
computations. The CFSR is a high resolution analysis, using a coupled earth system model 
including atmosphere-ocean coupling for each 6-hr “first guess” field, an interactive sea-ice 
model, and assimilation of satellite radiances. The global atmospheric resolution is ~38 km 
(T382) with 64 vertical levels. Observed variations in carbon dioxide, aerosols, other trace gases, 
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and solar variations are contained within the atmospheric model of the CFSR. Based on this 
construction, CFSR analyzed data are able to capture changes in Earth’s climate. 
3.2.1.2 North American Regional Reanalysis 
High resolution, regional data provided by the North American Regional Reanalysis 
(NARR) (Mesinger et al. 2006) were supplied to fill in the analysis domain at a 3-hourly temporal 
resolution. The NARR model is initialized by surface observations, radiosondes, satellite data, 
and other sources. It has a horizontal resolution of ~32 km (domain displayed in Fig. 2.1 of 
Chapter 1) with 29 vertical levels. In addition to providing the necessary field variables for our 
moisture flux computations, NARR also provides a precipitation dataset that is assimilated from 
both surface and satellite observations. It is noted that the difference between NARR’s 
precipitation climatology compared to other sources (e.g. CPC, NCEP-DOE) is greatest in regions 
of high observational uncertainty, so it is still a useful dataset over the U.S. continent (Bukovsky 
and Karoly 2007). A description of the CFSR and NARR wind, specific humidity, and 
precipitation data used for this study is presented in Table 2.1 of Chapter 2. 
3.2.1.3 Nesting Technique 
To nest the higher temporal resolution regional domain within the global domain, NARR 
field data were first re-gridded to match the CFSR grid spacing using the 16-point Bessel 
interpolation scheme (Jenne 1975). Bessel interpolation was selected for this study based on its 
handling of higher-order polynomial terms and its ability to produce a close fit to the original data 
around regions of rapid change (e.g. large moisture gradients). This re-gridded data was then 
nested within the CFSR domain. The boundary between the two reanalyses was then smoothed 
to reduce sharp data discrepancies. Fig. 2.2 of Chapter 2 illustrates the linear smoothing technique 
that was applied along the nesting boundary. Values j=1 through s were weighted at each point 
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along the boundary by a factor ?̃?𝑗 = [
𝑠+1−𝑗
𝑠−1
]. The value s=5 was appropriate for the data being 
nested here. Fig. 2.3 of Chapter 2 demonstrates the effect of the boundary smoothing on a nested 
dataset. 
3.2.2 Extreme event selection 
3.2.2.1 Flood events 
The Dartmouth Flood Observatory provides an active archive of global large flood events 
derived from in situ and remote sensing data along with news stories and government reports. 
(maintained by G. R. Brakenridge, http://floodobservatory.colorado.edu/Archives/index.html). 
Flood events selected for this study are presented in Table 3.1.  
Table 3.1. Selected flood events that occurred within the U.S. Corn Belt over 1979-2010. 
Flood Events within U.S. Corn Belt 
Year Duration Severity 
1986 01-02 July 2 
  06 August 1 
1990 20-22 June 1 
  28 July - 04 Aug 1 
  18-24 August 1 
1992 30 June - 06 July 1 
1993 24 June - 23 August 2 
  21-22 August 2 
1998 13-17 June 2 
  04-06 August 2 
1999 02-24 July 2 
2002 07 May - 08 June 1 
2003 23-26 June 1 
  05-21 July 2 
  30-31 August  2 
2004 10-21 June 2 
2006 22-25 June 1 
2008 05 June - 03 July 2 
2010 25 July 1 
  10-11 August 1 
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Flood events were selected based on the following restrictions:  
1) The center of affected flood area was located within the Corn Belt region marked in 
Fig. 3.1. 
2) Flooding occurred primarily in June, July, or August. Events that started in May 
were not excluded. 
3) The main cause of flooding was either heavy or torrential rain, and not from outside 
factors such as dam failure. 
Flood severity 1 indicates a large flood event with significant damage, fatalities, and a 1-
2 decades period since the last similar flood event. Flood severity 2 indicates an extreme event 
that meets severity 1 criteria and should recur on timescales greater than 100 years. From Table 
3.1, it is clear that the 100-year flood is recurring at a rate faster than 100 years. 
3.2.2.2 Drought events 
The Palmer Drought Severity Index (PDSI) is an index of relative dryness or wetness 
affecting water sensitive economies (Dai and NCAR, 2017). Temperature and precipitation data 
are used to drive a physical water balance model, capturing changes in potential 
evapotranspiration. A key strength of the PDSI is that it considers previous month’s conditions. 
It is noted that monthly PDSI values do not represent shorter-term droughts. Drought periods of 
at least a month between the years 1979-2010 were selected based on PDSI values over the Corn 
Belt region. Drought periods contained within the Corn Belt were ranked in severity from 1 to 2 
based on the following criteria (regions delineated on NCDC plots in Appendix A): 
1) 10 or more regions were categorized as moderate drought or greater, and 
4 or more regions were categorized as severe drought, and 
Fewer than 4 regions had any positive moisture levels, unless 
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Greater than 8 regions were categorized as extreme drought with no more than 1/5 
of the total Corn Belt region categorized as moderately moist or greater. 
2) All criteria above was met for a duration greater than 1 month. 
A list of all drought events along with their severity is presented in Table 3.2. 
Table 3.2. Selected drought events that occurred within the U.S. Corn Belt over 1979-2010. 
Drought Events within U.S. Corn Belt 
Period Severity 
July 1980 1 
June 1981 1 
June-August 1988 2 
June-August 1989 2 
Aug 2003 1 
June-August 2006 2 
 
 
Figure 3.2. Total number of yearly JJA drought events (top) and flood events (middle) occurring 
within the U.S. Corn Belt, along with total yearly JJA precipitation (mm) averaged over the 
U.S. Corn Belt (bottom). 
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A comparison of yearly JJA precipitation totals averaged over the U.S. Corn Belt region 
with the drought and flood events selected for this study is shown in Fig. 3.2. 
3.2.3 Water vapor flux transport derivation 
Analysis of water vapor flux variability through application of streamfunction and 
potential fields has been used as early as Rosen et al. (1979) and Chen (1985), although recent 
studies have also employed this technique and have demonstrated its continuing usefulness to the 
atmospheric and climate research community (e.g. Zhang et al. 2013; Ryu et al. 2015). 
An advantage of this method is that vertically integrated moisture fluxes should reflect the 
low-level wind fairly well, as the majority of atmospheric moisture resides in the lower levels of 
the atmosphere. Both the streamfunction and potential function describe the movement of water 
vapor through its rotational and divergent components, which are mathematically in quadrature. 
The convergence of water vapor flux into an area is useful in predicting where precipitation 
development will be supported in the future. 
Following the method described in Chen (1985), water vapor transport can be diagnosed 
on a global scale by vertically integrating water vapor flux in a column, 
𝑄𝜆 = 𝑔
−1 ∫ 𝑞𝑢 𝑑𝑝
300𝑚𝑏
𝑠𝑓𝑐
,                                                             (3.1) 
𝑄𝜙 = 𝑔
−1 ∫ 𝑞𝑣 𝑑𝑝
300𝑚𝑏
𝑠𝑓𝑐
,                                                             (3.2) 
where 𝑄𝜆 is the zonal water vapor transport, 𝑄𝜙 the meridional water vapor transport, 𝑔 
the acceleration due to gravity, 𝑞 the specific humidity, 𝑢 the zonal component of wind, and 𝑣 the 
meridional component of wind. For this study, values of u,v, and 𝑞 were supplied by our datasets. 
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The total water vapor transport, ?⃗? , can be divided into its rotational and divergent 
components (?⃗? 𝑅 and ?⃗? 𝐷, respectively) as follows, 
?⃗? = ?⃗? 𝑅 + ?⃗? 𝐷 = ?̂? × 𝛻𝜓𝑄 + 𝛻𝜒𝑄                                                 (3.3) 
where 𝜓𝑄 is the streamfunction of water vapor transport, and 𝜒𝑄 the potential function of 
water vapor transport. Therefore, the divergent component of vertically integrated water vapor 
transport is equivalent to the gradient of water vapor transport potential function. This leads to 
the following relationship,  
𝛻2𝜒𝑄 = 𝛻 ∙ ?⃗?                                                                        (3.4) 
so that we may solve the Poisson equation for 𝜒𝑄 using our derived values of 𝑄𝜆 and 𝑄𝜙. 
We may then numerically differentiate the potential function of water vapor transport,  
?⃗? 𝐷 =
𝜕𝜒𝑄
𝜕𝑥
𝑖̂ +
𝜕𝜒𝑄
𝜕𝑦
𝑗̂                                                                (3.5) 
to arrive at values of ?⃗? 𝐷. 
3.2.4 Diurnal component isolation technique 
Some meteorological fields exhibit regular oscillations that occur with a period of one 
solar day (diurnal), or half a solar day (semidiurnal). For example, the solar diurnal and 
semidiurnal tide of atmospheric pressure has been observed as far back as the invention of the 
barometer and first published in Monthly Weather Review in the early twentieth century. Other 
fields such as temperature, humidity, and precipitation have all been observed to have diurnal 
modes corresponding to the westward propagation of radiative solar heating. For these fields, 
isolating the diurnal component is an important step toward understanding a dynamic system as 
well as assessing future changes due to climate change. 
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Harmonic or spherical analysis may be used to extract the diurnal signal for an appropriate 
dataset. Dai and Wang (1999) illustrated how a wave-1 diurnal oscillation could be expressed by 
associated Legendre and Hough functions. This method excels when one can compute the 
amplitude and phase for specific geographical regions. Chen et al. (1998) tested a filtering scheme 
proposed by Whiteman and Bian (1996) and found that the aliasing error caused by ignoring 
higher-order harmonics (waves higher than the semidiurnal mode) was not significant. 
The diurnal isolation technique used in this study is a modification to the above harmonic 
filtering schemes and consists of the following steps for a given variable X, 
X(t) = Xo + S1(t) + Residual,                                                          (3.6) 
where Xo represents the daily mean of X, S1(t) represents the diurnal oscillation of X at time t, 
and Residual represents higher order waves including semidiurnal (S2(t)): 
1) Construct Δ(X), the departure from the daily mean of X, every 3 hours 
2) Compute monthly Δ(X) at each 3-hour increment for each year  
3) Extract 3-hourly S1 from the average monthly Δ(X) by wave-1 Fourier 
analysis. 
Wave-1 Fourier analysis was performed using the Cooley-Tukey fast Fourier transform 
algorithm. 
3.3 Results 
3.3.1 Monthly phase and amplitude of diurnal fields 
The phase and amplitude of diurnal precipitation and water vapor transport divided into 
its rotational and divergent (streamfunction and potential function) components was computed as 
a 1979-2010 composite between June, July, and August. All phase values are oriented to a 24-
hour UTC clock. This was done to illustrate the coincidence or lag between water vapor transport 
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and precipitation and the variation between these months. Fig. 3.3 contains phase/amplitude 
vectors of diurnal precipitation and potential function of water vapor transport. Over most of the 
Corn Belt, convergent water vapor transport was not well timed to precipitation for all JJA. While 
the magnitude of both increased between June-August over certain regions, like northern Iowa, 
the phase lag remained unchanged. By comparison, convergent diurnal water vapor transport was 
closely timed to diurnal precipitation over portions of the southeast U.S., and in some locations 
coincident. The largest amplitude diurnal precipitation here favored coincidence or close 
precedence of around 1-2 hours between water vapor convergence and precipitation. July and 
August favored this pattern in the southeast U.S. over June. 
 
Figure 3.3. Phase and amplitude vectors of diurnal precipitation (blue) and potential function of 
water vapor transport (green) for the 1979-2010 composite months June (left), July (middle), 
and August (right). Phase follows the time clock in the upper right corner. 
 
 By comparison, the relationship between diurnal precipitation and streamfunction 
of water vapor transport was essentially flipped for both of these regions, as shown in Fig. 3.4. 
Phase/amplitude vectors over the northern Corn Belt region demonstrate close precedence, and 
in some locations coincidence, of rotational water vapor transport to diurnal precipitation. This 
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pattern appears to be strongest in July. Unlike convergent water vapor in the southeast U.S., 
strength of rotational water vapor transport is not closely matched to amplitude of diurnal 
precipitation. Conversely, the timing/strength relationship in the southeast U.S. is weak. 
 
Figure 3.4. Phase and amplitude vectors of diurnal precipitation (blue) and streamfunction of 
water vapor transport (red) for the 1979-2010 composite months June (left), July (middle), and 
August (right). Phase follows the time clock in the upper right corner. 
3.3.2 Composite 3-hourly diurnal fields 
To understand the climatological diurnal wave pattern of precipitation and water vapor 
transport for the entire U.S. Corn Belt and southeast U.S., a composite of 3-hourly mean values 
for 1979-2010 was constructed. Fig. 3.5 presents the diurnal water vapor transport (divided again 
into divergent and rotational components) and precipitation wave for the U.S. Corn Belt. Fig. 3.6 
presents the same information for the southeast U.S. 
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Figure 3.5. The 1979-2010 composite of 3 hourly average potential function of water vapor 
transport (top), streamfunction of water vapor transport (middle), and precipitation (bottom) for 
the U.S. Corn Belt. Values were averaged along 85°W-100°W and 42.5°N. 
Averaged over the Corn Belt, the diurnal wave of precipitation was in phase with 
rotational water vapor flux, with a maximum amplitude value at 06 UTC (09 UTC) for June and 
July (August). The diurnal wave of divergent water vapor flux was out of phase to precipitation, 
though not completely in quadrature to the rotational water vapor flux. This is thought to be an 
artifact of the compositing. Notably, the amplitude of August’s diurnal precipitation was not 
damped in correlation to the dampening of the diurnal rotational water vapor transport. 
Focusing now on the southeast U.S. for comparison, the diurnal wave of precipitation was 
closely in phase with convergent water vapor flux. The maximum amplitude of diurnal 
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precipitation at 21 UTC for all JJA was preceded 3 hours by the maximum amplitude of 
convergent water vapor flux. The diurnal wave of rotational water vapor flux was out of phase to 
precipitation, and in quadrature to the convergent water vapor flux. This quadrature is a product 
of its mathematical derivation and is expected. Interestingly, August diurnal precipitation is 
weakest even though total water vapor transport is strongest. 
 
Figure 3.6. The 1979-2010 composite of 3 hourly average potential function of water vapor 
transport (top), streamfunction of water vapor transport (middle), and precipitation (bottom) for 
the Southeast U.S. Values were averaged along 80°W-95°W and 31°N. 
3.3.3 Phase and amplitude of extreme events 
We now turn to the diurnal phase and amplitude results for the extreme precipitation 
events provided in Tables 3.1 and 3.2. Fig. 3.7 isolates two very extreme events on opposite ends 
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of the spectrum: the 1993 flood and 1988 drought. Both events have been well-studied based on 
their severity and impact. Arritt et al. (2007) found that the 1993 flood was associated with strong 
GPLLJ activity, and Weaver et al. (2009) found that anomalous jet activity was influential for 
both the 1993 flood and 1988 drought. Fig. 3.7 is provided to understand how diurnal water vapor 
transport and precipitation was affected during these events. Both events were long-lasting, so to 
exclude any internal monthly variation only the month of July was included in this analysis.  
 
Figure 3.7. The 1993 flood (blue) and 1988 drought (red) composite of 3 hourly average 
potential function of water vapor transport (top), streamfunction of water vapor transport 
(middle), and precipitation (bottom) for the U.S. Corn Belt. Values were averaged along 85°W-
100°W and 42.5°N. 
It is quickly noted that the 1993 flood and 1988 drought behaved very differently. The 
diurnal precipitation wave for the flood year was much larger compared to both climatology and 
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to the extremely damped drought year. Diurnal precipitation peaked during the flood year at the 
same time (06 UTC) as the climatological composite for July, while drought year diurnal 
precipitation peaked 3 hours earlier at 03 UTC. The behavior of diurnal water vapor transport for 
the 1988 drought matched the climatological phase; however, amplitude of rotational water vapor 
flux was slightly enhanced while convergent transport was reduced. The diurnal wave of water 
vapor transport for the 1993 flood was essentially flipped from climatology. Here, rotational 
transport was delayed by 3 hours while water vapor converged at the time of peak diurnal rainfall. 
Expanding the above results to include all 20 flood events and all 6 drought periods, Figs. 
3.8-3.10 are provided. Fig. 3.8 illustrates that amplitude rather than phase of diurnal precipitation 
tends to impact drought events. Conversely, both amplitude and phase of diurnal precipitation 
deviates from the climatological mean during flood events. Excluding two outlier flood events in 
June, diurnal precipitation falls later at night/earlier in the morning as peak amplitude increases. 
Diurnal precipitation in the southeast U.S. during these events shows no clear pattern, although it 
is noted that during both drought and flood events the timing of peak amplitude occurs later. 
 
Figure 3.8. The phase and amplitude of diurnal precipitation for category 1 and 2 flood and 
drought events compared to the climatological phase/amplitude composite (large black dot) for 
the U.S. Corn Belt (left) and Southeast U.S. (right). 
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Fig. 3.9 and 3.10 illustrate the effect of flood and drought events on potential function and 
stream function of water vapor transport, respectively. The amplitude of water vapor convergence 
is increased during flood events, with little correlation to a shift in phase. June and July may be 
more susceptible to such a phase shift. Long-term droughts may behave similarly to climatology, 
while shorter-term droughts may be linked to earlier water vapor convergence. Trends over the 
southeast U.S. during these events appear similar except for long-term drought events. Rotational 
water vapor (Fig. 3.10) may only show correlation over the Corn Belt itself. While strength of 
this moisture transport may not be significantly affected, timing of peak transport may be shifted 
earlier to late afternoon/early evening for flood events and later in the evening for drought events. 
The difference in months appears to have just as much effect on rotational moisture transport as 
does difference between flood/drought events. 
 
 
Figure 3.9. The phase and amplitude of diurnal potential function of water vapor transport for 
category 1 and 2 flood and drought events compared to the climatological phase/amplitude 
composite (large black dot) for the U.S. Corn Belt (left) and Southeast U.S. (right). 
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Figure 3.10. The phase and amplitude of diurnal potential function of water vapor transport for 
category 1 and 2 flood and drought events compared to the climatological phase/amplitude 
composite (large black dot) for the U.S. Corn Belt (left) and Southeast U.S. (right). 
 
3.4 Discussion 
3.4.1 Interannual variation 
The results of the dynamic analysis of diurnal rainfall and moisture transport show some 
interesting variations between the warm season months of June, July and August. Diurnal 
precipitation over the Corn Belt is preceded on average 2-3 hours by strong diurnal rotational 
water vapor transport, though the amplitude of this transport is not well matched to precipitation 
amplitude. July is the best month for phase alignment of rainfall and rotational water supply over 
the U.S. Corn belt. Over the southeast U.S., diurnal precipitation is preceded 1-2 hours by strong 
diurnal convergent water vapor transport in July and August. The amplitude here is matched by 
strongest diurnal precipitation. JJA variation between phase and amplitude of all fields was more 
evident over the Corn Belt region. Here, peak diurnal rainfall and moisture rotation occurred at 
06 UTC during June and July and at 09 UTC during August. The dampening of rotational 
moisture transport in August did not affect the amplitude of diurnal rainfall, leading us to believe 
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that an increase in water vapor convergence well in advance of rainfall occurrence was enough to 
temper the rotational dampening. 
It is clear that water vapor convergence is strongly linked to precipitation in the southeast 
for all warm season months. While rotational transport of moisture occurs prior to maximum 
diurnal precipitation over the Corn Belt, it is left unclear why the amplitude of this moisture 
transport is not well correlated to amplitude of precipitation. As illustrated in Chapter 2, the dipole 
of water vapor transport streamfunction can be used to dynamically represent the GPLLJ. Based 
on this analysis, some other dynamic process besides intensification of the low-level jet is 
occurring to support intensification of diurnal rainfall. 
3.4.2 Extreme events compared to climatology 
Constructing the diurnal wave of the 1993 flood and 1988 drought led to some unexpected 
results. Not unexpected was the behavior of diurnal rainfall, which was both severely damped and 
occurred 3 hours earlier than normal for the drought case and which was well above average and 
in sync with the climatological phase for the flood event. The amplitude of both components of 
water vapor transport did not differ significantly between events, leading us to believe the timing 
of moisture transport is the crucial component to support flood/drought events. Water transport 
during the 1993 flood was completely out of phase with the climatological composite. 
An analysis of 20 flood events and 6 drought periods proved that drought events tend to 
impact amplitude rather than phase of diurnal precipitation. Conversely, both amplitude and phase 
of diurnal precipitation is impacted during flood events. Diurnal precipitation may fall later at 
night/earlier in the morning as peak amplitude increases. Behavior of diurnal precipitation and 
convergent water vapor transport in the southeast U.S. are affected by both flood and drought 
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events over the U.S. Corn Belt. There is little correlation in rotational moisture transport between 
these regions for extreme events in the Corn Belt. 
3.5 Conclusions 
The climatological diurnal mode of the hydrologic cycle can be impacted both by monthly 
variations and by extreme events. June and July diurnal modes behave similarly over the U.S. 
Corn Belt. An August reduction of moisture flux via rotational transport is linked to a shift in 
phase but not amplitude of diurnal precipitation. Either the peak in water convergence that occurs 
12 hours prior is responsible for this lack of reduction or another physical process is contributing 
to August diurnal precipitation. Over the southeast U.S., August diurnal rainfall is weakest even 
though total water vapor transport is strongest. The timing, not amplitude, of water vapor transport 
was most impactful during drought events in the Corn Belt. Both the timing and amplitude of 
water vapor transport was impactful during flood events in the Corn Belt. There was little 
correlation in rotational moisture transport between the U.S. Corn Belt and southeast U.S. for 
either flood or drought events. 
Diurnal water vapor transport impacts diurnal precipitation differently in the Corn Belt 
vs. southeast U.S. Composite 3-hourly averages show that diurnal convergence of water vapor 
transport is very similar between these regions, while diurnal rotational water flux and 
precipitation behaves differently. The U.S. Corn Belt favors rotational moisture transport as a 
means to support its diurnal rainfall, while the southeast U.S. relies on moisture convergence. 
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3.7 Appendix A. NCDC PDSI plots 
3.7.1 Criteria 1 drought events 
 
Figure A.1. PDSI for July 1980. 
 
Figure A.2. PDSI for June 1981. 
 
Figure A.3. PDSI for August 2003. 
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3.7.2 Criteria 2 drought events 
 
Figure A.4. PDSI for June 1988. 
 
Figure A.5. PDSI for July 1988. 
 
Figure A.6. PDSI for August 1988. 
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Figure A.7. PDSI for June 1989. 
 
Figure A.8. PDSI for July 1989. 
 
Figure A.9. PDSI for August 1989. 
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Figure A.10. PDSI for June 2006. 
 
Figure A.11. PDSI for July 2006. 
 
Figure A.12. PDSI for August 2006. 
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CHAPTER 4 
AN EVALUATION OF THE DECADAL INCREASE IN WARM SEASON RAINFALL 
OVER THE U.S. CORN BELT 
 
A paper to be submitted to Journal of Climate 
Amanda S. Black7,8, Tsing-Chang Chen7, and Gene S. Takle9 
Abstract 
Recent analysis of rainfall variation over the Great Plains indicates an increasing decadal 
trend during the warm season. This trend is consistent with an increasing decadal trend of Great 
Plains low-level jet (GPLLJ) activity. The warm season rainfall over this area is primarily 
generated by nocturnal thunderstorms associated with GPLLJs, suggesting that this increasing 
trend is a reflection of the intensification of the diurnal mode of the hydrologic cycle. A 
compilation of GPLLJ events during June, July, and August (JJA) over 1979-2010 indicates that 
weak and moderate GPLLJ events are not significantly changing while intense GPLLJ events are 
increasing. Comparing the 1979-1988 decade to the 2001-2010 decade, JJA diurnal precipitation 
over the U.S. Corn Belt was decreased between 06-09 UTC. This was linked to a decrease in 
water vapor transport convergence and a disruption of the rotational component of water vapor 
transport from the Gulf of Mexico. Results suggest that maximum diurnal precipitation over the 
U.S. Corn Belt is falling earlier in the warm season as a response to changing GPLLJ activity. 
The Empirical Orthogonal Function (EOF) analysis is used as a statistical measure of variance 
                                                 
7 Department of Geological and Atmospheric Sciences, Iowa State University. 
8 Primary researcher and corresponding author. 
9 Department of Agronomy, Iowa State University. 
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for this study. The EOF mode 1 resembling the diurnal mode patterns of precipitation, 
streamfunction, and velocity potential of water vapor transport, captured a large percentage of 
total variance especially over the U.S. Corn Belt. Variance of the top three EOF modes of 
precipitation showed a decreasing decadal trend that was not matched by the trend in water vapor 
transport. 
4.1 Introduction 
Recent analysis of global decadal rainfall shows an increasing trend (Alexander et al. 
2006; Mo 2010; Min et al. 2011; Westra et al. 2013), notably significant over the North American 
midlatitudes (Groisman et al. 2005), that is matched by an increasing trend in GPLLJ activity 
(Cook et al. 2008). An analysis of GPLLJ events collected for the years 1979-2010 and months 
June, July, and August (JJA) proves that intense jet events are increasing while weak and 
moderate events are experiencing little change (Fig. 2.5 of Chapter 2). Determining the natural 
interdecadal variability of precipitation is a crucial first step for climate prediction improvement 
(Liu 2012). 
Analyzing the interdecadal variation of the summer diurnal rainfall in the central U.S., Hu 
(2003) identified two regimes of diurnal rainfall patterns. This rainfall pattern exhibits large 
rainfall accumulation in the late night/early morning (with a peak at midnight) when the southerly 
flow is strong. In contrast, this rainfall pattern shows light rain in the late night/early morning 
when the southerly flow is weak. The former rainfall regime is associated with strong GPLLJs, 
while the latter regime is associated with weak GPLLJs. In other words, the former rainfall regime 
belongs to the strong diurnal cycle mode regime, while the latter one associates with the weak 
diurnal cycle mode regime. Hu (2003) also found the same contrast in rainfall compared to the 
water vapor flux and convergence of water vapor flux over the central U.S. between the two 
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rainfall regimes. The diurnal variation of rainfall, water vapor flux, and area-averaged 
convergence of water vapor flux over the central U.S. provides a clear local response to the 
rainfall regime change, but does not offer a clear picture of how the interdecadal variation of the 
continental scale circulation changes the characteristics of the diurnal cycle mode of the 
continental scale hydrological cycle. 
As demonstrated in Chapter 2, the occurrence frequency and intensity of GPLLJs should 
be matched by the intensity of the streamfunction of water vapor transport dipole over the U.S. 
continent. As shown by Chen and Kpaeyeh (1993), the Great Plains rainfall center downstream 
of the GPLLJ is maintained by a convergent center of water vapor flux. It is likely that any 
mechanism, e.g. remote forcing to generate a teleconnection wave train, which can modulate the 
intensity of this convergent center, can affect GPLLJ activity and the associated rainfall in the 
central U.S. (e.g. Krishnamurthy et al. 2015). Therefore, an evaluation of the interdecadal change 
of diurnal water vapor transport and precipitation should infer the changing behavior of such 
mechanisms. 
Decadal-scale climate forecasts are becoming increasingly important for a variety of 
applications (e.g. Towler et al. 2018). This can be challenging when the decadal variability does 
not contribute a large portion of the total variance for that field (Ault and George 2010). Predicting 
associated trends in precipitation on a decadal time scale is made more difficult when trying to 
separate the internal climate variability and anthropogenic forcing signals (Boer 2009; Zhang and 
Delworth 2017). Internal climate variability, or unforced natural variability, may be more 
important on the continental spatial scale and decadal temporal scale while anthropogenic forcing 
may be more important on a global spatial scale and longer than decadal temporal scale (e.g. 
IPCC 2013). Decadal-scale trends associated with the intensification of the diurnal cycle mode of 
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the hydrological cycle are investigated here under the lens of the Empirical Orthogonal Function 
(EOF) analysis as a dynamical mode reduction technique. 
The work of Chapters 2 and 3 are expanded to include the interdecadal trends of diurnal 
water vapor transport and precipitation. Data, derivations, and statistical analysis for this study 
are presented in the Methods sections. A statistical analysis of the importance of the diurnal mode 
to total variance will be included in the Results section. A discussion of results and overall 
conclusion are also provided. 
4.2 Methods 
4.2.1 Data 
It was necessary to provide both global data coverage for our water vapor flux transport 
derivations and higher temporal resolution regional data to accurately extract the diurnal 
component of our fields. The following global and regional datasets were used in this study. 
4.2.1.1 Climate Forecast System Reanalysis 
Gridded meteorological data provided by the Climate Forecast System Reanalysis (CFSR) 
(Saha et al. 2010) were used to provide the global coverage needed for our moisture flux 
computations. The CFSR is a high resolution analysis, using a coupled earth system model 
including atmosphere-ocean coupling for each 6-hr “first guess” field, an interactive sea-ice 
model, and assimilation of satellite radiances. The global atmospheric resolution is ~38 km 
(T382) with 64 vertical levels. Observed variations in carbon dioxide, aerosols, other trace gases, 
and solar variations are contained within the atmospheric model of the CFSR. Based on this 
construction, CFSR analyzed data are able to capture changes in Earth’s climate. 
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4.2.1.2 North American Regional Reanalysis 
High resolution, regional data provided by the North American Regional Reanalysis 
(NARR) (Mesinger et al. 2006) were supplied to fill in the analysis domain at a 3-hourly temporal 
resolution. The NARR model is initialized by surface observations, radiosondes, satellite data, 
and other sources. It has a horizontal resolution of ~32 km (domain displayed in Fig. 2.1 of 
Chapter 2) with 29 vertical levels. In addition to providing the necessary field variables for our 
moisture flux computations, NARR also provides a precipitation dataset that is assimilated from 
both surface and satellite observations. It is noted that the difference between NARR’s 
precipitation climatology compared to other sources (e.g. CPC, NCEP-DOE) is greatest in regions 
of high observational uncertainty, so it is still a useful dataset over the U.S. continent (Bukovsky 
and Karoly 2007). A description of the CFSR and NARR wind, specific humidity, and 
precipitation data used for this study is presented in Table 2.1 of Chapter 2. 
4.2.1.3 Nesting Technique 
To nest the higher temporal resolution regional domain within the global domain, NARR 
field data were first re-gridded to match the CFSR grid spacing using the 16-point Bessel 
interpolation scheme (Jenne 1975). Bessel interpolation was selected for this study based on its 
handling of higher-order polynomial terms and its ability to produce a close fit to the original data 
around regions of rapid change (e.g. large moisture gradients). This re-gridded data was then 
nested within the CFSR domain. The boundary between the two reanalyses was then smoothed 
to reduce sharp data discrepancies. Fig. 2.2 of Chapter 2 illustrates the linear smoothing technique 
that was applied along the nesting boundary. As shown, j=1 represents the fixed boundary value, 
s represents the last relaxed point, and values higher than s represent the “free” range. Values j=1 
through s were weighted at each point along the boundary by a factor ?̃?𝑗 = [
𝑠+1−𝑗
𝑠−1
]. The value 
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s=5 was appropriate for the data being nested here. Fig. 2.3 of Chapter 2 demonstrates the effect 
of the boundary smoothing on a nested dataset. 
4.2.2 Water vapor flux transport derivation 
Analysis of water vapor flux variability through application of streamfunction and 
potential fields has been used as early as Rosen et al. (1979) and Chen (1985), although recent 
studies have also employed this technique and have demonstrated its continuing usefulness to the 
atmospheric and climate research community (e.g. Zhang et al. 2013; Ryu et al. 2015;). 
An advantage of this method is that vertically integrated moisture fluxes should reflect the 
low-level wind fairly well, as the majority of atmospheric moisture resides in the lower levels of 
the atmosphere. Both the streamfunction and potential function describe the movement of water 
vapor through its rotational and divergent components, which are mathematically in quadrature. 
The convergence of water vapor flux into an area is useful in predicting where precipitation 
development will be supported in the future. 
Following the method described in Chen (1985), water vapor transport can be diagnosed 
on a global scale by vertically integrating water vapor flux in a column, 
𝑄𝜆 = 𝑔
−1 ∫ 𝑞𝑢 𝑑𝑝
300𝑚𝑏
𝑠𝑓𝑐
,                                                             (4.1) 
𝑄𝜙 = 𝑔
−1 ∫ 𝑞𝑣 𝑑𝑝
300𝑚𝑏
𝑠𝑓𝑐
,                                                             (4.2) 
where 𝑄𝜆 is the zonal water vapor transport, 𝑄𝜙 the meridional water vapor transport, 𝑔 the 
acceleration due to gravity, 𝑞 the specific humidity, 𝑢 the zonal component of wind, and 𝑣 the 
meridional component of wind. For this study, values of u,v, and 𝑞 were supplied by our datasets. 
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The total water vapor transport, ?⃗? , can be divided into its rotational and divergent 
components (?⃗? 𝑅 and ?⃗? 𝐷, respectively) as follows, 
?⃗? = ?⃗? 𝑅 + ?⃗? 𝐷 = ?̂? × 𝛻𝜓𝑄 + 𝛻𝜒𝑄                                                 (4.3) 
where 𝜓𝑄 is the streamfunction of water vapor transport, and 𝜒𝑄 the potential function of water 
vapor transport. Therefore, the divergent component of vertically integrated water vapor transport 
is equivalent to the gradient of water vapor transport potential function. This leads to the following 
relationship,  
𝛻2𝜒𝑄 = 𝛻 ∙ ?⃗?                                                                        (4.4) 
so that we may solve the Poisson equation for 𝜒𝑄 using our derived values of 𝑄𝜆 and 𝑄𝜙. We may 
then numerically differentiate the potential function of water vapor transport,  
?⃗? 𝐷 =
𝜕𝜒𝑄
𝜕𝑥
𝑖̂ +
𝜕𝜒𝑄
𝜕𝑦
𝑗̂                                                                (4.5) 
to arrive at values of ?⃗? 𝐷. 
4.2.3 Diurnal component isolation technique 
Some meteorological fields exhibit regular oscillations that occur with a period of one 
solar day (diurnal), or half a solar day (semidiurnal). For example, the solar diurnal and 
semidiurnal tide of atmospheric pressure has been observed as far back as the invention of the 
barometer and first published in Monthly Weather Review in the early twentieth century. Other 
fields such as temperature, humidity, and precipitation have all been observed to have diurnal 
modes corresponding to the westward propagation of radiative solar heating. For these fields, 
isolating the diurnal component is an important step toward understanding a dynamic system as 
well as assessing future changes due to climate change. 
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Harmonic or spherical analysis may be used to extract the diurnal signal for an appropriate 
dataset. Dai and Wang (1999) illustrated how a wave-1 diurnal oscillation could be expressed by 
associated Legendre and Hough functions. This method excels when one can compute the 
amplitude and phase for specific geographical regions. Chen et al. (1998) tested a filtering scheme 
proposed by Whiteman and Bian (1996) and found that the aliasing error caused by ignoring 
higher-order harmonics (waves higher than the semidiurnal mode) was not significant. 
The diurnal isolation technique used in this study is a modification to the above harmonic 
filtering schemes and consists of the following steps for a given variable X, 
X(t) = Xo + S1(t) + Residual,                                                          (4.6) 
where Xo represents the daily mean of X, S1(t) represents the diurnal oscillation of X at time t, 
and Residual represents higher order waves including semidiurnal (S2(t)): 
1) Construct Δ(X), the departure from the daily mean of X, every 3 hours 
2) Compute monthly Δ(X) at each 3-hour increment for each year  
3) Extract 3-hourly S1 from the average monthly Δ(X) by wave-1 Fourier 
analysis. 
Wave-1 Fourier analysis was performed using the Cooley-Tukey fast Fourier transform. 
4.2.4 Empirical Orthogonal Function Analysis 
The Empirical Orthogonal Function (EOF) is a statistical analysis method introduced to 
the field of atmospheric science by Lorenz (1956). It is a useful technique to compress data by 
dynamical mode reduction and to fully attribute the variance of a dynamic system to each EOF 
mode (e.g. Hannachi et al. 2007); however, care must be taken in attributing any physical process 
to a particular EOF mode (Monahan et al. 2009). 
A data field  𝒙(𝑡) may be represented under EOF analysis as 
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𝒙(𝑡) = ∑𝛼𝑛(𝑡)𝑒𝑛 
𝑁
𝑖=1
,                                                              (4.7) 
where 𝛼𝑛(𝑡) is the time series of coefficients (principle components) of each eigenvector, 𝑒𝑛, 
corresponding to an eigenvalue, 𝜇𝑛. The fraction of total dispersion accounted for by the nth EOF 
mode is then simply 
𝑣𝑎𝑟(𝑥𝑛)
∑ 𝑣𝑎𝑟(𝑥𝑖)
𝑁
𝑖=1
⁄ =
𝑢𝑛
∑ 𝑢𝑛
𝑁
𝑖=1
⁄  ,                                              (4.8) 
where summation is over all eigenvalues. 
Modifications can be made to the original EOF analysis design, such as the Extended EOF 
(EEOF) or rotated EOF (REOF) analysis. These modified EOF analyses, while useful in their 
own application, may still lead to confusing or misleading physical interpretation (e.g. Chen and 
Harr 1993). More recently, an alternative rotation technique based on Independent Component 
Analysis (ICA) has been proposed to study climate data (Hannachi et al. 2009). After a review of 
initial results and an examination of the purpose of this study, extended or rotated EOFs were 
neglected in favor of the original EOF analysis. A FORTRAN subroutine built by David 
Stepaniak of NCAR/CGD/CAS (Available online at 
http://www.cgd.ucar.edu/cas/software/eof_scalar.html) was modified and used for the EOF 
computations in this study. In addition, the FORTRAN linear algebra solvers LAPACK and 
BLAS were necessary for computational work. 
4.3 Results 
4.3.1 Decadal trends 
The decadal trends of the diurnal mode of the hydrologic cycle can be represented by the 
difference between the (1979-1988) and (2001-2010) decade compared to the mean 
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climatological state. As shown in Chapter 3, diurnal precipitation peaks over the U.S. Corn Belt 
between 03-12 UTC and over the southeast U.S. between 15-24 UTC. We focus here on 09 UTC 
(15 UTC) for the Corn Belt (southeast U.S.) region. All 3-hourly figures for June, July, and 
August, are provided in Appendix A. 
The 09 UTC climatological composite and decadal change of diurnal precipitation and 
water vapor transport for JJA and June are provided in Figs. 4.1 and 4.2, respectively. The diurnal 
precipitation exhibited an overall drying trend during these warm months. This drying was related 
to a disruption of the normal water vapor movement into the region. Dissecting further into the 
monthly variation, June alone indicated an increase of diurnal precipitation and only then over 
the far southwest corner of the Corn Belt area. 
 
Figure 4.1. JJA composite and decadal change (top and bottom, respectively) at 09 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
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Figure 4.2. Same as Fig. 4.1., now for June composite and decadal change. 
 
Figure 4.3. JJA composite and decadal change (top and bottom, respectively) at 15 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
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The 15 UTC climatological composite and decadal change of diurnal precipitation and 
water vapor transport for JJA and June are provided in Figs. 4.3 and 4.4, respectively. Diurnal 
precipitation increased over much of the contiguous U.S. during all warm season months at this 
time. Only in June did the western portion of the Corn Belt experience drying. This diurnal rainfall 
increase was related to increased diurnal moisture convergence. 
 
Figure 4.4. Same as Fig. 4.3., now for June composite and decadal change. 
 
4.3.2 EOF mode variance 
As shown above, the decadal changes in diurnal precipitation appear to be linked to 
changes in diurnal water vapor transport. Next we need to determine how significant this diurnal 
behavior of water vapor movement is and how its significance may be changing under a changing 
climate. As described in the Methods, EOF analysis can tell us the definite percent variance 
explained by a series of modes (eigenvector/coefficient pairs), though caution should be made 
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when attributing this variance to any particular dynamic mode. The modes presented here are 
dynamically attributed for discussion only. 
The following six figures are organized in a similar manner as follows: mean daily 
departure of a variable is shown on top, diurnal component in the middle, and EOF mode on 
bottom for June, July, and August (left, middle, and right). 
 
Figure 4.5. Mean daily departure (top), diurnal component (middle), and EOF mode 1 (bottom) 
of precipitation at 09 UTC for the decade 1979-1988 and months of June (left), July (middle), 
and August (right). 
 
Fig. 4.5 provides the first decade (1979-1988) component values of precipitation. The 
EOF mode 1 here is an overwhelming match to the diurnal component, and for discussion will be 
regarded as such. The explained variance of diurnal rainfall is greatest in July and August. In 
comparison, the mean daily departure and diurnal component of precipitation is reduced over the 
northern U.S. over the last decade as shown in Fig. 4.6. The most affected area of the Corn Belt 
is in southern Illinois and Indiana. The EOF mode 1 explains less of total variance during this 
decade, although the pattern remains for a spike in July and August explained variance. 
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Figure 4.6. Same as Fig. 4.5, now for the decade 2001-2010. 
 
Figure 4.7. Mean daily departure (top), diurnal component (middle), and EOF mode 2 (bottom) 
of potential function of water vapor transport at 09 UTC for the decade 1979-1988 and months 
of June (left), July (middle), and August (right). 
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The EOF mode 1 did not provide a close match to diurnal potential function of water vapor 
transport. Rather, EOF mode 2 provided the closest match, as illustrated in Fig. 4.7 and 4.8. 
Comparing the first and last decade, diurnal water vapor convergence was decreased over the 
northern U.S. and replaced largely by water vapor divergence in August. EOF mode 2 variance 
was highest in June and July and experienced a decadal decrease during all warm season months. 
Not presented but noted, EOF mode 1 of divergent water vapor transport accounted for ~71% of 
variance climatologically. Percent variance explained of mode 1 was greatest in August for both 
decades. 
 
 
Figure 4.8. Same as Fig. 4.7, now for the decade 2001-2010. 
 
The diurnal rotational movement of water vapor represented by the streamfunction was 
strongest in July and August, as shown in Figs. 4.9 and 4.10. For all periods except for August of 
the last decade, this diurnal component was closely matched to the 1st EOF mode. This first mode 
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accounted for ~72% of all variance between 1979-2010. For both the first and last decade, EOF 
mode 1 accounted for the most variance in June. While the magnitude of diurnal streamfunction 
change between decades was small, the percent of variance explained by EOF mode 1 greatly 
increased. 
 
 
Figure 4.9. Mean daily departure (top), diurnal component (middle), and EOF mode 1 (bottom) 
of streamfunction of water vapor transport at 09 UTC for the decade 1979-1988 and months of 
June (left), July (middle), and August (right). 
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Figure 4.10. Same as Fig. 4.9, now for the decade 2001-2010. 
 
The percent of variance explained for each EOF mode depends on the region over which 
you are computing the analysis. Fig. 4.11 supplies this information for the contiguous U.S. in 
order to compare with the Corn Belt in Fig. 4.12. For the contiguous U.S., it may be first evident 
that the top 3 EOF modes represent essentially all of the water vapor transport. The top 3 modes 
of diurnal precipitation also represent a healthy portion of the total field. Around 2003, an increase 
in the amount of diurnal rainfall described by the 2nd EOF coincides with a decrease in the 3rd 
EOF and an overall increase in top 3 mode variance explained. For the U.S. Corn Belt, the 
overwhelming contribution of EOF 1 to total water vapor transport may be first noticed. An 
interesting feature in rotational water vapor transport develops in 1992; a dip in the variance 
explained by mode 1 coincides with a spike in mode 2. Total variance is not affected, but it is 
evident that an anomalous shift in dynamic mode contribution occurred. The top 3 modes of 
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diurnal precipitation vary year-to-year, and aside from a sharp spike in 2009 there is a decreasing 
decadal trend in percent variance explained. 
 
Figure 4.11. Percent total variance of 𝜒𝑄 (top), 𝜓𝑄 (middle), and P (bottom) for EOF modes 1, 
2, 3, and sum of top 3 (blue, red, green, and black, respectively) over the contiguous U.S. 
Shaded areas represent ± 1 standard deviation. 
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Figure 4.12. Percent total variance of 𝜒𝑄 (top), 𝜓𝑄 (middle), and P (bottom) for EOF modes 1, 
2, 3, and sum of top 3 (blue, red, green, and black, respectively) over the U.S. Corn Belt. 
Shaded areas represent ± 1 standard deviation. 
 
In comparison to the contiguous U.S., the 1st EOF mode of water vapor transport 
contributes more to total variance. Moving from the contiguous U.S. to the Corn Belt, the percent 
variance of diurnal rainfall explained by the top 3 modes is not significantly increased. While 
attributing any particular dynamic process to an EOF mode is cautioned against, Figs. 4.11 and 
4.12 do concretely illustrate contribution changes of hydrologic processes over a 32-year period. 
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4.4 Discussion 
4.4.1 Decadal trends 
The climatological composite and decadal change of diurnal precipitation and water vapor 
transport illustrated some interesting trends that warrant further discussion. The 09 UTC diurnal 
precipitation exhibited an overall drying trend over the Corn Belt for all JJA. Only one region, 
the far southwest corner of the Corn Belt, experienced an increase in diurnal precipitation and 
only in June. This drying was related to a disruption of the normal water vapor movement into 
the region. A convergent center was replaced by widespread divergence, and the streamfunction 
dipole no longer closely aligned to the GPLLJ to bring moisture from the Gulf. Conversely, The 
15 UTC diurnal precipitation increased over much of the contiguous U.S. during all warm season 
months. Only the western portion of the Corn Belt experience drying, and only then in June. 
Diurnal moisture convergence was increased to supportive this rainfall trend. The GPLLJ is 
strongly tied to diurnal processes (e.g. Chapter 2), and the results from this study indicate that 
increasing intense GPLLJ activity is not only affecting amplitude but also timing of diurnal 
rainfall.  
Clearly, the role of water vapor transport to support precipitation is strongly linked on a 
diurnal level and climatological time scale. The results from this study indicate that this role is 
changing on a decadal time scale and not necessarily in a manner to support increased diurnal 
rainfall over the Corn Belt. We should now turn our discussion over to exactly how large this role 
is and how it is changing on a decadal time scale. 
4.4.2 EOF mode variance 
For discussion only, EOF modes will be attributed to diurnal processes. The EOF mode 1 
of precipitation is a close match to the diurnal component. The explained variance of diurnal 
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rainfall is greatest in July and August for both the first and last decade. Since the low-level jet is 
strongly tied to diurnal processes, this can be an inferred effect of the GPLLJ which historically 
becomes strongest in July (Cook et al. 2008). EOF mode 2 provided the closest match to diurnal 
divergent water vapor transport. While not yet confirmed, it is strongly suspected that the EOF 
mode 1 may represent water vapor convergence supporting synoptic rainfall associated with 
fronts as opposed to MCS type rainfall. A confirmation of this suspicion would be helpful for 
future studies. The EOF mode 1 of rotational water vapor transport was a close match to the 
diurnal component. While the magnitude of diurnal streamfunction change between decades was 
small, the percent of variance explained by EOF mode 1 greatly increased. Relating this 
streamfunction pattern to the GPLLJ, it appears that diurnal transport of moisture from the Gulf 
is supporting diurnal rainfall not just due to an increase in GPLLJ intensity, but because other 
modes of water vapor transport have been reduced. It would be interesting to investigate further 
if the changing movement of moisture as influenced by GPLLJs could suppress development of 
other types of precipitation events. 
Some of the variability in Figs. 4.11 and 4.12 can be explained by referring to the flood 
and drought events provided in Tables 3.1 and 3.2 of Chapter 3. For example, in 1991, a dip in 
the variance explained by mode 1 of rotational water vapor transport coincides with a spike in 
mode 2. Total variance is not affected, but it is evident that an anomalous shift in dynamic mode 
contribution occurred. This occurred again to a lesser degree in 1993. Could this prior dynamic 
mode contribution shift have contributed to the favorable conditions for flooding in 1993? A 
similar pattern can be seen in 2002 ahead of widespread flooding events in 2003. Conversely, the 
1988 drought corresponded to a small increase in the variance explained by mode 1 of rotational 
water vapor transport. 
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4.5 Conclusions 
The decadal trends of the diurnal mode of the hydrologic cycle (represented in this study 
by water vapor transport and precipitation) were investigated and compared to the climatological 
mean state. Decadal trends were represented by the difference between the first decade of our 
study’s time period (1979-1988) and last decade (2001-2010). Two rainfall regimes were focused 
on: the diurnal precipitation peak over the U.S. Corn Belt at 09 UTC and over the southeast U.S. 
at 15 UTC. A statistical analysis of the importance of the diurnal mode to total variance of the 
hydrologic cycle was provided by means of Empirical Orthogonal Function (EOF) analysis. Key 
findings for this study are as follows: 
• Trends in diurnal precipitation over the U.S. Corn Belt during the warm season (JJA) are 
highly spatially dependent and vary across these months. Except for the southwest portion of 
the Corn Belt region, diurnal precipitation was decreased over the last decade during nighttime 
hours. This was linked to increased divergence of water vapor transport as well as a disruption 
of the usual streamfunction dipole supporting moisture flux from the Gulf of Mexico. 
Increased moisture convergence led to an increase in diurnal precipitation during the daytime. 
• The EOF mode 1 was strikingly matched to the diurnal component of both precipitation and 
streamfunction of water vapor transport. This mode accounted for ~ 41% (72%) of total 
variance of precipitation (streamfunction of water vapor transport). The EOF mode 2 closely 
matched the diurnal component of potential function of water vapor transport, accounting for 
~18% of total variance. The variance captured by the EOF 1 of precipitation and EOF 2 of 
divergent water vapor transport decreased over the last decade for each warm season month, 
while EOF 1 variance of rotation water vapor transport increased for each month. 
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• The EOF mode 1 of water vapor transport overwhelmingly represented the most variance, 
especially over the U.S. Corn Belt. Percent variance of diurnal precipitation was more variable 
over the Corn Belt when compared to the entire contiguous U.S. and showed a decreasing 
trend over the last decade. 
The findings from this study can contribute thoughtful discussion toward decadal rainfall 
trends over the Corn Belt and add to the growing basis for evaluating climate model error. 
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4.7 Appendix B. Decadal change plots 
 
Figure B.1. June composite and decadal change (top and bottom, respectively) at 00 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
 
84 
 
 
Figure B.2. Same as Fig. B.1, now for July. 
 
Figure B.3. Same as Fig. B.1, now for August. 
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Figure B.4. June composite and decadal change (top and bottom, respectively) at 03 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
 
Figure B.5. Same as Fig. B.4, now for July. 
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Figure B.6. Same as Fig. B.4, now for August. 
 
Figure B.7. June composite and decadal change (top and bottom, respectively) at 06 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
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Figure B.8. Same as Fig. B.7, now for July. 
 
Figure B.9. Same as Fig. B.7, now for August. 
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Figure B.10. June composite and decadal change (top and bottom, respectively) at 09 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
 
Figure B.11. Same as Fig. B.10, now for July. 
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Figure B.12. Same as Fig. B.10, now for August. 
 
Figure B.13. June composite and decadal change (top and bottom, respectively) at 12 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
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Figure B.14. Same as Fig. B.13, now for July. 
 
Figure B.15. Same as Fig. B.13, now for August. 
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Figure B.16. June composite and decadal change (top and bottom, respectively) at 15 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
 
Figure B.17. Same as Fig. B.16, now for July. 
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Figure B.18. Same as Fig. B.16, now for August. 
 
Figure B.19. June composite and decadal change (top and bottom, respectively) at 18 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
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Figure B.20. Same as Fig. B.19, now for July. 
 
Figure B.21. Same as Fig. B.19, now for August. 
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Figure B.22. June composite and decadal change (top and bottom, respectively) at 21 UTC of 
diurnal components of a) & c) streamfunction of water vapor transport [×106 kgs-1] and 
precipitation and b) & d) potential function of water vapor transport [×106 kgs-1], divergent 
water vapor transport vectors, and precipitation. 
 
Figure B.23. Same as Fig. B.22, now for July. 
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Figure B.24. Same as Fig. B.22, now for August. 
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CHAPTER 5 
GENERAL CONCLUSIONS 
The underlying goal of this dissertation was to understand how the intensification of the 
diurnal mode of the hydrologic cycle affected warm season precipitation trends during 1979-2010 
over the U.S. Corn Belt. It was hypothesized that the pattern of diurnal water vapor transport and 
precipitation over the central U.S. in the warm season is mainly tied to GPLLJ activity, and an 
improved depiction of this dynamic relationship could help elucidate the effects of diurnal cycle 
mode intensification on interannual and interdecadal precipitation variation. The following are 
the main conclusions of this dissertation: 
• Three distinct synoptic environments were shown to affect the diurnal movement of water 
vapor into the central U.S. through GPLLJ activity:  
1) BH type where a westward extension of the Bermuda high strengthened rotational 
flow of water vapor but lessened water vapor convergence and may have impacted the 
timing of GPLLJ activity, 
2) TH type where despite an atmospheric pressure trough that pushed the Bermuda high  
eastward, total water vapor transport was strengthened, and  
3) GH type where strong water vapor convergence and a northward displacement of the  
streamfunction dipole was caused by high pressure over the Gulf of Mexico not related 
to the Bermuda high. 
• The climatological warm season phase of diurnal rainfall was shown to exhibit a clockwise 
rotation around the continental U.S. which was matched by a closely-coincident clockwise 
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rotation of diurnal convergent/rotational water vapor transport centers. This was embedded 
within the wave-1 westward propagation of radiative energy across the globe. 
• The amplitude of climatological diurnal precipitation over the U.S. Corn Belt hardly varied 
between June, July, and August. An August reduction of moisture flux via rotational transport 
is linked to a shift in phase but not amplitude of diurnal precipitation. 
• For drought events in the U.S. Corn Belt, timing, not amplitude, of water vapor transport is 
most impactful on diurnal rainfall. Both timing and amplitude of water vapor transport is 
impactful for flood events. 
• Diurnal rotational moisture transport was the primary means to support its diurnal rainfall 
over the U.S. Corn Belt, while the southeast U.S. relied on diurnal moisture convergence. 
• Diurnal precipitation over the U.S. Corn belt was decreased over the last decade during 
nighttime hours. This was linked to increased divergence of water vapor transport. Increased 
moisture convergence led to an increase in diurnal precipitation during the daytime. 
• Diurnal rainfall and rotational moisture transport closely resembled the EOF mode 1 while 
divergent moisture transport resembled the EOF mode 2. The percent variance captured by 
these modes showed a decreasing (increasing) trend in diurnal rainfall and divergent water 
vapor transport (rotational water vapor transport). 
5.1 Future work potential 
A continuation of this research could naturally go in several directions, of which two are 
discussed here. First, it has been shown that more frequent precipitation events are occurring 
earlier in the warm season (e.g. Sharratt et al. 2001; Feng et al. 2016). An expansion of this study 
to reveal seasonal differences between April-June and July-September could shed light on 
changing diurnal rainfall patterns. Both warm season rainfall and the interannual variation of 
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GPLLJ activity have been attributed to remote forcings such as the El Nino-Southern Oscillation 
(ENSO) and Atlantic Oscillation (AO) (Weaver et al. 2009; Kellner and Niyogi 2015). The results 
from Chapters 2 and 3 could be expanded to identify the contribution of these 2 forcings to diurnal 
cycle mode changes for GPLLJ events and flood/drought events. 
In a second direction, the results from this dissertation could be applied to evaluate model 
performance of NCAR’s most recent Community Atmosphere Model (CAM5) (Neale et al. 
2010). Water vapor transported by the GPLLJ is closely coupled with the diurnal mode of 
radiative heating and atmospheric circulation, and this complicated interaction is lacking in most 
general circulation models (GCMs). GCMs especially suffer under poor simulation of boundary 
forcing. Improvements can be made on these forcings to better reproduce phase and amplitude of 
the diurnal cycle of rainfall over the central U.S. (e.g. Dai and Trenberth 2004; Ploshay and Lau 
2010). Better parameterization of the radiative forcing can also lead to better replication of the 
diurnal cycle of precipitation in GCMS (e.g. Chakraborty et al. 2007; Dirmeyer et al. 2011). Using 
the diagnostic analysis of diurnal rainfall and water vapor transport from Chapters 2-4, CAM5 
sensitivity experiments could be designed to identify the importance of boundary forcing, modify 
the water vapor flux into the central U.S. to determine impact on the simulation of diurnal rainfall, 
and identify the impact of improved convective parameterization on the simulation of diurnal 
rainfall. 
5.2 Implications on climate studies 
From Chapter 2, the synoptic conditions when a Bermuda high extended westward 
supported the development of intense low-level jets as was expected based on the literature (e.g. 
Zhu and Liang 2013). However, this increase in jet intensity did not necessarily correspond to 
higher diurnal precipitation. The implication here is that the relationship between increasing 
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GPLLJ activity and increasing warm season rainfall over the Corn Belt may not be a linear 
relationship. Other feedbacks must be present to account for what appears to be a suppression of 
diurnal precipitation under this synoptic regime. Conversely, two other synoptic environments 
not discussed in recent literature were shown to increase diurnal rainfall over the Corn Belt 
through GPLLJ activity. Additionally, diurnal rainfall and water vapor transport was proven to 
undergo a clockwise rotation around the continental U.S. that could be impacted by different 
synoptic conditions. This result could help direct how future climate studies diagnose climate 
model error. 
The diurnal mode of rainfall and water vapor transport was shown to be impacted both by 
monthly variation and extreme rainfall events in Chapter 3. A climatological maxima in diurnal 
rotational water vapor transport in June and July coincided with a diurnal rainfall maxima over 
the Corn Belt. August diurnal rainfall was similar in magnitude but was shifted 3 hours later in 
the evening. While diurnal water vapor convergence is highest in August, the timing of 
convergence brings into questions whether this or another physical process is contributing to 
August diurnal rainfall. The timing, not amplitude, of water vapor transport was most impactful 
during drought events in the Corn Belt. Both the timing and amplitude of water vapor transport 
was impactful during flood events in the Corn Belt. The implication to climate studies suggests 
that the diurnal mode of the hydrologic cycle is more straight-forwardly impacted during flood 
events than during drought events. This may be due to the nature of drought events being longer-
term and more widespread. 
From Chapter 4, decadal changes in diurnal rainfall differed from decadal changes in 
precipitation frequency found in the literature. Comparing the 1979-1988 decade to the 2001-
2010 decade, JJA diurnal precipitation over the U.S. Corn Belt was decreased between 06-09 
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UTC. This was linked to a decrease in water vapor transport convergence and a disruption of the 
rotational component of water vapor transport from the Gulf of Mexico. The results from this 
study indicate that this moisture transport role is changing on a decadal time scale and not 
necessarily in a manner to support increased diurnal rainfall over the Corn Belt. Careful 
consideration of this result could be impactful to the study of interdecadal climate changes. The 
EOF mode 1 resembling the diurnal mode patterns of precipitation, streamfunction, and velocity 
potential of water vapor transport, captured a large percentage of total variance especially over 
the U.S. Corn Belt. Variance of the top three EOF modes of precipitation showed a decreasing 
decadal trend that was not matched by the trend in water vapor transport. It appears that diurnal 
transport of moisture from the Gulf is supporting diurnal rainfall not just due to an increase in 
GPLLJ intensity, but because other modes of water vapor transport have been reduced. Could the 
changing movement of moisture as influenced by GPLLJs suppress development of other types 
of precipitation events? This question and other arguments derived from this dissertation could 
impact the direction of future climate studies. 
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